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ABSTRACT
Discontinuities such as fault planes, joints and bedding planes in a rock mass may be
filled with different types of fine-grained material that are either transported or
accumulated as gouge due to weathering or joint shearing. Behaviour of soil-infilled
rock joints has significant importance with respect to the strength of fractured rock
mass. The presence of even a small amount of fine grained infill material within a
joint can reduce its shear strength considerably. Therefore, it is crucial to examine
how the infill material can adversely affect the joint shear strength. Previous studies
of infilled joints have mainly been focused on idealised regular joint patterns due to
the simplicity and reproducibility in laboratory testing.
Depending on the degree of saturation and the thickness of the infill, the
shear strength of the rock mass can be adversely affected. Previous laboratory studies
have mainly examined the role of saturated infill that exhibits the minimum shear
strength. However, in practice, the infill materials are mostly partially saturated
generating matric suction within the joint that can contribute to increased shear
strength. To the authors’ knowledge this is the first study to examine the influence of
unsaturated infill on the joint shear strength. A series of laboratory triaxial tests on
idealised model joints and imprinted natural joint profiles was carried out, with
constant moisture contents of the infill being maintained. Based on the laboratory
observations an empirical model for describing the infilled joint shear strength was
developed in which the initial suction of the infill was based on the soil-moisture
characteristic curve. As no current standards are available for such joint testing, it is
anticipated that this laboratory attempt will provide a useful platform towards
establishing a more accurate estimation of infilled joint strength in rock masses.
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CHAPTER ONE

1 INTRODUCTION
1.1

General Introduction

Rock masses present in nature are generally characterised by discontinuities such as
joints, fractures, and other planes of weakness. Discontinuities that are infilled with
fine-grained material which is either transported or appears as a result of weathering or
joint shearing, will adversely affect the behaviour of the rock mass. These fine infill
materials may drastically reduce the shear strength of the rock joints compared to an
unfilled or clean joint, because they may prevent the walls of the joint from coming into
contact during shear.
The degree of infill saturation is a governing parameter of the shear strength of a
filled joint, and it can vary noticeably, depending on the groundwater and climate
patterns. Barton (1974) carried out an extensive study of filled discontinuities in rock in
which the in-situ water content of the infill was found to be a principle parameter
controlling the shear strength of a filled joint. Furthermore, for adverse climatic
conditions, i.e. heavy precipitation and long periods of rainfall, Barton (1974) reported
that the joints act as conduits for water, leaving the fine infill material basically in near
saturated conditions. Most rock masses contain complex, interconnected networks of
joints filled with gouge and because of their high transmissivity, the joints often become
conduits for fluid flow (Elsworth 1986). Laboratory testing of infill materials from a
rock mass failure site at Kangaroo Valley, New South Wales, Australia, confirmed that
the soil can reach more than 95% of saturation after a period of heavy rainfall. During
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dry seasons the infill saturation will gradually decrease, increasing the shear strength of
the jointed rock mass. While studies have been carried out to investigate the behaviour
of infilled rock joints (e.g., Ladanyi & Archambault 1977; Lama 1978; Pereira 1990; de
Toledo & de Freitas 1993; Indraratna et al. 2005, 2008, 2010), the majority considered
either a fully saturated infill condition or a specific level of saturation, thus neglecting
the effect of infill saturation. By analysing the laboratory data it can be noted that an
infilled joint approaches its minimum shear strength when the degree of saturation
reaches fully saturated conditions. From a practical perspective, most infill materials
will likely be compressed over time and typically remain in an unsaturated state unless
the joints are submerged by groundwater, which may happen in the event of
groundwater inflows occurring through specific discontinuities. In this instance, the
joints may be grouted to prevent the infill materials from reaching full saturation, thus
reducing the probability of catastrophic rock slides.
The shear strength of a filled joint is often assumed to be that of the infill
material alone, and while this assumption may be conservative if the infill thickness is
higher than a certain critical value, for smaller values of infill thickness in relation to the
joint roughness or asperities, it neglects the possibility of rock-to-rock contact taking
place. Under these conditions the influence of rock-to-rock contact becomes
increasingly prominent. In contrast, the effect of infill saturation can be distinctly
observed for a thicker infill where the strength is governed by the infill alone. This
effect decreases as the infill becomes thinner, because in such conditions the shear
strength of the joint is governed by the shear behaviour of the surfaces of the rock.
In this study a series of constant water content undrained triaxial tests on
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idealised models of rock joints and replicated natural joints has been conducted to
investigate the effect of infill saturation on the shear strength of filled joints. Although
the shear strength of soil at constant water conditions has been studied in the past (e.g.,
Thu et al. 2006, Hamid & Miller 2009), no literature is available on infilled joints tested
under unsaturated infill conditions. This study proposes a novel approach for laboratory
testing infilled joints under different initial degrees of saturation of infill, and provides a
preliminary approach for applying the theory of unsaturated shear strength to jointed
rock engineering.
Most of the earlier studies on jointed rock engineering focussed on the behaviour
of clean joints, and many researchers such as Patton 1966; Goodman 1970; Ladanyi &
Archambault 1977; Barton & Bandis 1990 proposed various analytical and empirical
models to address the shear behaviour of clean rock joints. Most of the laboratory tests
involved in these studies were based on conventional direct shear apparatus, hence
constant normal load (CNL) boundary conditions were considered. Limited literature is
available on the shear behaviour of infilled joints and most are empirical or semiempirical in nature and are extended versions of the clean joint models (e.g. Papaliangas
et al. 1990; Phien-wej et al. 1990; de Toledo & de Freitas 1993, 1995; Indraratna et al.
1999, 2005, 2008, 2010. Due to the availability of limited research on infilled joints and
its application, the strength of infilled joints is usually assumed to be the infill alone,
which may be not always true as the strength of the infill joint can vary with the
thickness of the infill layer. Kanji (1974) also reported that in some cases the strength of
an infilled joint may be less than its infill strength, particularly where the joint shears
along the interface.
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Previous catastrophic failures of rock slopes were sometimes triggered by rock
movements caused by shearing through weak infilled joints. The properties of the infill
material are very important in such cases where the strength of the joint is controlled by
the infill. Various researchers have shown the effect of different infill properties to the
shear strength of the infilled rock joints and those properties are mainly the grain size
and type, mineralogy, and over consolidation ratio, etc. Most of the infill materials in
the rock slopes which are exposed to the surface are in an unsaturated state and thus
their degree of saturation is heavily affected by weather patterns. Heavy precipitation
can bring the infill to near saturated conditions while during dry seasons the degree of
infill saturation may decrease considerably. Underground rock slopes are also affected
by groundwater flows, so the state of infill saturation could also vary from time to time.
If the infill is in an unsaturated state the shear strength is assisted by the matric suction
of the infill and thus the overall strength could be increased considerably. A crucial
factor in evaluating the economic viability of underground mines and other surface
slopes is the cost of reinforcing unstable rock mass. If these discontinuities define
unstable rock wedges, the mandatory installation of supports significantly increases the
cost of overall budgets. If the state and contribution of the shear strength due to partially
saturated infill is considered, the cost involved in reinforcements and supports could be
reduced depending on the state of the infill.
This study is focused on evaluating the shear behaviour of infilled rock joints
under unsaturated infill conditions. Laboratory tests were primarily focused on the
regular saw-tooth joints to understand the behaviour as no literature are currently
available on this research area. Once the behaviour of the infilled joints with varying
degrees of infill saturation was recognised, the laboratory study was extended to natural
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joint profiles because idealised triangular asperities may not resemble the undulating
joint profiles encountered in the field, even though they provide a simplified and
reproducible basis for studying the effects of infill. An analytical model was proposed
based on the laboratory results for idealised saw-tooth joints and natural joint profiles
characterised by the joint roughness coefficient (JRC).
1.2

Objectives of the study

The main objective of this research is to study the effect of the degree of infill saturation
on the shear behaviour of infilled joints. This has never been studied before so this
research will be the first attempt to combine unsaturated shear strength theory with
jointed rock engineering. The laboratory tests are focused on idealised triangular joints
as well as rough irregular joints to extend the applicability of the model to field
conditions. The specific objectives of this study are highlighted below:


A comprehensive critical literature review of past research on the shear
behaviour of clean and infilled joints under different boundary conditions
such as constant normal load and constant normal stiffness.



Laboratory investigation of the shear behaviour of idealised saw-tooth joints
with varying degrees of infill saturation under triaxial conditions.



A laboratory study on the effect of the degree of infill saturation to the shear
behaviour of irregular natural joint profiles with a JRC of 10-12.



Development of a mathematical model to predict the shear strength of
idealised joints under different degrees of infill saturation.
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1.3

Extending the model on idealised joint profiles to the natural joint profiles.

Organisation of the thesis

This thesis consists of 7 Chapters followed by a list of References and Appendices.
Chapter 1 contains a general introduction to the present research, background to the
study, and the main research objectives.
Chapter 2 contains a critical literature survey and a review of the shear
behaviour of clean rock joints and infilled rock joints under constant normal load
conditions (CNL) and constant normal stiffness conditions (CNS). It discusses the
factors controlling the shear behaviour of clean joints followed by a detailed review of
existing mathematical models under both CNL and CNS conditions. The factors
controlling the behaviour of infilled rock joints are comprehensively described along
with current mathematical models proposed on infilled joints. A review of past research
works on the shear strength theory of unsaturated soil is also presented with current
mathematical models available to predict shear strength of unsaturated soil and the soil
water characteristic curve (SWCC).
Chapter 3 describes the experimental program undertaken to study the shear
behaviour of infilled joints. This includes the casting of idealised saw-tooth joints,
preparation of replicated natural joint specimens, preparation of jointed specimens and a
detailed description of the apparatus used in the study, including the testing procedure.
The determination of the soil water characteristic curve and the characterisation of
natural rock joint profiles are described at the end of the chapter.
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Chapter 4 gives a detailed insight into the test results obtained from laboratory
triaxial testing. The shear behaviour of clean and infilled joints are discussed separately.
The test results of three different joint types (planar, saw-tooth, imprinted natural) are
discussed and the effect of infill thickness, degree of infill saturation, and confining
pressure on the shear behaviour of infilled joints is presented with the associated stressstrain plots.
Chapter 5 describes the conceptual development of a new shear strength model
and a detailed analysis of the proposed new shear strength model incorporating the
effect of the degree of infill saturation for idealised saw-tooth joints. The model is then
extended for irregular natural joints with more focus on the practical application of the
model. Verification of the model with the laboratory triaxial data is presented for both
idealised saw-tooth and natural joints. Practical implications of the developed model
along with its limitations are described at the end of the Chapter.
Chapter 6 presents the practical applications of the developed shear strength
model. A two dimensional plain strain analysis is carried out on a rock slope at
Kangaroo Valley, NSW to analyse the factor of safety variation with the degree of infill
saturation. Stabilisation of the rock slope with bolts is also analysed. A more complex
three dimensional wedge analysis is also carried out on a hypothetical rock slope
problem to determine the variation of the factor of safety along with the degree of infill
saturation. The model proposed earlier by Indraratna et al. 2008 is modified and it’s
field applications with a two dimensional plain strain analysis is also included.
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Finally, Chapter 7 presents conclusions of the research findings, and
recommendations for the purpose of future research, followed by the list of References
and Appendices.

Chapter 1 - Introduction

8

CHAPTER TWO
2 LITERATURE REVIEW
2.1
2.1.1

Shear behaviour of clean rock joints
Introduction

Joints are primary type of discontinuities which affect the shear strength of rock mass.
The presence of a joint may cause significant differences in the shear strength of the
ground. In hard rocks with relatively closely spaced joints, the mechanical behaviour of
the rock mass is similar to joints in relation to the strength of the intact rock material
(Lama, 1978). In an unfilled rock joint the primary factors which govern the shear
behaviour are joint roughness and the joint wall strength of the rock (Goodman, 1976;
Barton, 1974; Priest, 1993).
The presence of water within joints affects the shear behaviour significantly,
especially in rough joints (Archambault et al., 1998, 1999). Most joints found naturally
are in confined and undrained conditions so the water pressure will eventually vary
inside the joint when shearing. To investigate joint behaviour under these conditions,
triaxial testing is preferable to conventional direct shear tests, while Barton (1974) and
Brady & Brown (1993) also reported that triaxial testing is more preferable for some
modes of failure in closely jointed rocks.
2.1.2

Concept of Constant Normal Load (CNL) and Constant Normal Stiffness (CNS)

A considerable amount of data has been published on the shear strength of rock joints
where the focus is more on clean joints. Conventional direct shear tests have been the
primary mode of assessing the shear behaviour of joints because it is the simplest
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apparatus available in most laboratories. As a result, most of the studies were carried
out under constant normal load (CNL) condition where the normal load acting on the
joint surface is considered to be constant throughout the shearing process. A CNL
approach is more suitable for planar joints where no undulations are present in the joint
surface. A planar joint does not show dilation during the shearing process therefore the
normal stress acting on the surface of the joint does not vary during shearing. The shear
behaviour of a non-planar joint is different to a planar joint because it results in joint
dilation as shearing progresses. This dilation is usually inhibited by the surrounding
rock mass and the normal stress is increased as a result, depending on the stiffness of
the rock. Therefore when a non-planar joint has sheared the normal load or normal
stress does not remain constant during shearing, but normal stiffness does. This
condition is defined as Constant Normal Stiffness (CNS).
The strength parameters obtained under CNS conditions are more representative
of practical applications because most of joints present in nature are non-planar and
dilation is usually inhibited by the surrounding rock mass. An example of underground
rock excavation is presented in Figure 2.1 where unstable blocks are constrained
between two parallel dilatant joints. The shear behaviour is fully controlled by the
stiffness of the surrounding rock mass and joint dilation as the blocks slide. Normal
stress will have inevitably increased and be dependent on the normal stiffness (kn) of the
surrounding rock mass. If the same example is considered with a constant normal load
approach, it would underestimate the overall shear strength because it doesn’t
accommodate any increase in normal stress. Hence such an estimation will lead to
unsafe designs whereas the CNS approach can better represent the boundary conditions.
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Figure 2.1 Joint behaviour on the roof of an excavation (after Indraratna et al. 1999)
2.1.3

Factors controlling the shear behaviour of clean joints

Based on previous research carried out on clean rock joints, the following can be
identified as the most significant parameters which affect the shear strength of clean
joints.
I. Normal stiffness
II. Joint type and roughness
III. Normal stress
IV. Shearing rate
V. Presence of water and pore water pressure
VI. Pre-Loading
VII. Scale effects
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2.1.3.1 Normal stiffness
When a non-planar joint is subjected to shearing it dilates due to undulations on the
surface of the joint. The surrounding rock mass will restrict this movement and because
of that, normal stress will increase depending on the normal stiffness of the rock mass.
The shear strength of the joint also increases as a result of this increase in normal stress.
Johnston & Lam (1989) have described the CNS concept using a rock socketed pile
where the interface between the concrete and the socket is considered to be rough.
Various studies conducted by authors such as Obert et al. (1976); Ohnishi &
Dharmaratne (1990); Skinas et al. (1990); Indraratna & Haque (2000) have shown that
under constant normal stiffness a joint shows a greater shear resistance than under
constant normal load. In this instance the peak shear stress increased with an increase in
normal stiffness and a well-defined peak was identified in the stress strain behaviour.
van Sint Jan (1990) showed that the peak shear stress increased as the stiffness
increased and the peak is attained at a larger shear displacement, while Leichnitz (1985)
showed that displacement corresponding to peak shear stress under CNS is always
higher than CNL.
An experimental investigation of rock joint behaviour under different stiffness
was carried out by Skinas et al. (1990) using a direct shear apparatus designed for
testing joints under constant normal stiffness. He used a range of stiffness (k) which
varied from 0 to 200 kN/mm and studied the variation of shear stress, normal
displacement, and normal stress (Figure 2.2). Under constant normal stress (k=0), the
joints showed a brittle behaviour and under increasing values of k, the shear behaviour
was gradually transformed to plastic. There was a significant difference in shear
strength in the post-yielding phases which separated the curves considerably. The
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highest dilation was observed under constant normal stress conditions because dilation
is suppressed under constant normal stiffness. Normal stress was also similar to the
shear stress, showing an increasing behaviour with the increasing normal stiffness.

Figure 2.2 A set of results from shear tests on identical joint surfaces under different
values of constant normal stiffness (Skinas et al. 1990)
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The effect of normal stiffness on different types of joints was studied by
Indraratna & Haque (2000). They conducted laboratory testing on tension joints and
triangular saw-tooth joints under both CNS and CNL conditions. Figure 2.3 shows the
variation of the shear behaviour for both types of joints under different initial normal
stresses. They observed that the shear strength is always underestimated under CNL
conditions compared to CNS, which proved the results of Skinas et al. (1990). At higher
normal stresses the joints also exhibited strain softening behaviour, an observation also
reported by Ohnishi & Dharmaratne (1990) for harder rock joints.

Figure 2.3 Shear behaviour of idealised saw-tooth and tension joints under CNL and
CNS conditions
2.1.3.2 Joint type and roughness
Joint characterisation plays a vital role in describing the behaviour of a jointed rock
mass. The shear behaviour of a joint will be greatly influenced by the type of joint and
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the waviness or irregularity of its surface. The profiles of most joints found in nature are
irregular and the roughness is spatially distributed over the profile. Therefore it is very
important to characterise the joints in a quantitative manner which can be directly used
to model the shear strength. Earlier models on rock joints such as by Patton (1966), only
focused on idealised rock joints as the profile could easily be described using a single
parameter such as the asperity angle. Barton (1973) proposed a more practical approach
to characterise joint profiles by introducing a Joint Roughness Coefficient (JRC) which
indexes the profiles according to the surface roughness. The concept of JRC was first
proposed by Barton (1973) after a visual inspection of different types of roughness
profiles which he used in laboratory testing. The scale of JRC varied from zero to
twenty and the initial estimates were only given for a limited roughness having a JRC of
5, 10, and 20. Barton & Choubey (1977) later proposed a more detailed estimation of
the JRC by dividing the range into 10 roughness profiles which enabled more accurate
predictions. The estimation of JRC is usually carried out by visually matching the joint
with standard profiles. However, indirect methods such as back calculation from tilt
tests are also widely used. After the necessary parameters have been obtained through
tilt tests and Schmidt hammer tests, the JRC can be calculated using the following
equations.

JRC 

  r
log10  JCS  no 

 L
JRC  JRC o 
 Lo





0.02 JRC o

(2.1)

(2.2)

where JCS is the joint compressive strength, α is the tilt angle, ϕr is the residual friction
angle, and σno is normal stress acting on the joint. In Equation (2.2), L is the length of

Chapter 2 – Literature Review

15

the sample used in the tilt test, Lo is the laboratory sample length and JRCo is the JRC at
laboratory scale directly compared to the standard profiles presented in Figure 2.4.
The observational approach is subjective and relies on visual or tactical
assessment of the degree of roughness. The main drawback of this procedure is that the
same or different users cannot guarantee the repeatability of the test. To overcome this,
Milne (1990) proposed a photographic method involving illumination and projection of
the roughness profile. The roughness was assessed using the maximum difference in
asperity height along the fracture length, and related to the JRC, using the empirical
relationship given below.
JRC  400

a
L

(2.3)

where, the constant 400 is for a 100m profile length. This method is best suited for field
investigations with large sample sizes or surface exposure.
Although the recognition of JRC method by the ISRM, the difficulty of
assessing its value with a little subjectivity as possible due to scale effects, led several
authors to propose alternative methods. These alternative methods are becoming
increasingly popular due to technological advancements. Many of these methods are
involved with digital surface measurements where digital elevation data of the joint
surface is collected by the use of advance measuring equipment. These data is then
analysed using mathematical analyses such as statistical, fractal, spectral and Fourier.
A statistical method to quantify the joint roughness was proposed by Tse &
Cruden (1979) using a parameter called Z2 which expresses the Root Mean Square
(RMS) value of the first derivative of the surface profile. The following equations are
proposed to obtain a JRC value using the given surface profile.
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(2.4)

JRC  32.2  32.47 log10 Z 2
where, Z2 is given as:
 y  1
Z 2  RMS   
 x  L

2
 1
 dy 
x0  dx    mx 2

xL


 yi 1  yi 

i 1

m

1/ 2

(2.5)

In the above equations, L is the total joint length, Δx is the sample interval, Δy=yi+1 – yi
is the difference between two adjacent sampling points, Δy/Δx is the asperity slope and
m is the number of sampling intervals. It was observed that Z2 was sensitive to the
sampling interval and the following equation was also proposed by Tse & Cruden
(1979) to relate structure function (SF) to JRC.
JRC  37.28  16.5847 log 10 SF

(2.6)

where, SF  Z 2 2
Several authors including Seidel & Haberfield (1995), and Kulatilake et al.
(1995) have analysed the impact of surface roughness on mechanical and hydraulic
properties using fractal methods. Seidel & Haberfield (1995) formulated a fractal
method to characterise surface roughness based on the fractal geometry, fractal
dimension, and self-similarity. The fractal dimension (D), standard deviation of chord
angles (Sθ) and asperity height (Sh) of a joint profile of direct unit length is calculated
using the following equations.



S  cos 1 N 1 D  / D

Sh 



N 2 / D  N 2
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log N 

D

(2.9)

1 

log S h2  2 
N 


0.5

In the above equations, N is the number of segments. This method is often used with the
data obtained from high resolution optical scanning apparatus which is capable of
reading sub-millimetre frequencies.
A spectral method to estimate the surface roughness of joints was proposed by
Durham & Bonner (1985). They applied a power spectral density (PSD) analysis to the
surface of three westerly granite samples and their work illustrated the ability to reduce
the complexity of fracture surfaces and void variations. The PSD was calculated for
each x-z profile, and then averaged to produce a single estimate for the entire surface.
The PSD for each profile was given as:
Gi  f  

h2
Z i f 
L

2

(2.10)

where, h is sampling interval, L is length of joint profile, and Zi(f) is fast Fourier
transformation of the discretely sampled profile.
Indraratna & Haque (2000) reported Fourier series analysis as an alternative
method to characterise the roughness of a joint. Fourier method is applied for periodic
functions provided they are piecewise and continuous. This technique relates a series of
regularly spaced x-z data to a combination of two coefficients related to
trigonometrically to an identified period. This is achieved by considering the
superposition of a number of harmonic frequencies to provide a realistic level of
correlation with the original profile data. The asperity height f(x) is measured at a
distance x along the profile length and is given by:
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f x  


a0
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 bn sin

2 n 1 
L
L 

where, a n 
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1
L
1
L
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 f x cos
0

2L

 f x sin
0

(2.11)

nx
dx
L
nx
dx
L

where, T is the period, ao, an, bn are Fourier coefficients, and n is number of harmonics.
The main advantage of this method over the fractal methods is the requirement of low
density of data. The primary control on accurate surface replication is the data collection
interval (Δx). Another advantage of this method is that it can be extended to a twodimensional analysis with the use of double Fourier series.
2.1.3.3 Normal stress
The effect of normal stress has been studied extensively by many researchers, including
Patton (1966), Ladyani & Archambault (1969), Barton (1974), Goodman & Ohnishi
(1973), and Indraratna et al. (1999). The effect of normal stress can be different based
on the state of the boundary condition, whether it is CNL or CNS condition. In a CNL
condition, normal stress is kept at a constant level throughout the test whereas in CNS
conditions, normal stress has increased depending on the normal stiffness. Indraratna &
Haque (2000) carried out laboratory testing on tension joints as well as idealise sawtooth joints to investigate the effect of normal stress on shear stress and dilation. Figure
2.5 illustrates the variation of shear stress with respect to initial normal stress on sawtooth and tension joints. As expected there was an obvious increase in the shear strength
for both types of joints and boundary conditions. The effect of the normal stress could
be different if the joints are highly weathered. In such cases, the joints could contract
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upon shearing although they are unfilled, reducing the level of normal stress. Bandis et
al. (1983) have carried out shear testing of joints with different degrees of weathering
and observed different deformation characteristics.

Figure 2.4 Typical roughness profiles and corresponding range of JRC ( after Barton &
Choubey 1977)
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Figure 2.5 Effect of initial normal stress on shear behaviour of joints (modified from
Indraratna & Haque 2000)
The dilation observed for the same joints under similar conditions is presented in
Figure 2.6. Dilation under lower normal stresses was higher because the joints have
more freedom to move normal to the joint. Joint dilation under CNL conditions showed
a higher value as the normal stress was unchanged throughout the test, whereas joints
subjected to CNS conditions were influenced by an increasing normal stress and
therefore movement which is normal to the direction of shearing has been constrained.
In high normal stresses (e.g. 2.43 MPa), the joints did not show much dilation as more
asperity shearing off was observed than overriding.
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Figure 2.6 Effect of initial normal stress on joint dilation (after Indraratna & Haque
2000)
2.1.3.4 Shearing Rate
The dependence of the shearing rate in any type of laboratory testing is widely
acknowledged because the shearing mechanism can alter drastically. The effect of the
shearing rate on soft and hard rock joints under constant normal load conditions have
been studied by Crawford & Curran (1981). They varied the shearing rate in the range
of 0.05-50 mm/sec and the test results showed that the effect may depend on the type of
joint and normal stress applied. The shear strength decreased with an increasing
shearing rate for hard rocks, and it increased with the shearing rate for softer rocks, but
remained unaffected after a critical value. Curran & Leong (1983) also showed that the
frictional resistance under CNL is dependent on the shear displacement rate. Schneider
(1977) performed a direct shear test experiment on a weak clay rock to determine the
time dependent behaviour of rock joints. The frictional resistance was measured for
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each specimen at the same level of normal load, but at six different shearing rates. He
showed that with the same normal stress, the frictional resistance is larger at higher
shear rates. From that he concluded that the frictional resistance of the joint depends on
the normal stress and the shearing rate.
Fahimifar (1996) carried out a series of triaxial tests to study the effect of
shearing rate to the rock joint deformation characteristics. From the test results, they
identified that the increased strain rates decreased the reduction in volume of the
specimens, or a slower strain rate resulted in further closure of the joints. Another study
on the effect of the shearing rate was carried out by Indraratna & Haque (2000) under
triaxial CNS conditions where the shear rate varied between 0.35 to 1.67 mm/min. The
resulting variation of shear stress is presented in Figure 2.7.

Figure 2.7 Effect of the shearing rate on shear stress for idealise saw-tooth joints (after
Indraratna & Haque 2000)
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2.1.3.5 Presence of water and pore-water pressure
The effect of water can be categorised under two main sections depending on the time
scale as (i) short term, and (ii) long term. The short term effects are usually incorporated
with the effective stresses and pore-water pressure which could be easily studied
through laboratory testing procedures. The long term effects are mostly related to the
modification of the materials by physico-chemical changes or interactions. These may
take a considerable amount of time to occur and usually would observe only in in-situ
conditions unless planned for in an experimental program. Most of the currently
literature have only focused on short term effects as the long term effects are harder to
observe in laboratory scale.
Barton (1973) was among the first to carry out a detailed investigation on the
presence of water in rock joints. He stated that water in a rock joint leads to several
mechanical and some chemical effects, the most important of which will probably be a
reduction in the effective stress. Even without pressure the water may also tend to
reduce the surface energy and strength of the crystals, and thus reduce the mechanical
strength of the rock. However Barton (1973) also stated that some types of planar rock
joints do not appear to be affected by the presence of water. He has gathered data for
different types of joints, showing the effect of the presence of water carried out by
various other researchers and tabulated according to their effect (Table 2.1). Some joints
showed a reduction in strength and some showed an increase in strength while others
showed neither an increase nor decrease. Most smooth polished surfaces were either
unaffected or increased in strength when they were slightly wet while the exceptions
could be explained by the mineralogy of the joints. The strength of most non-planar
joints was reduced by the presence of water, which may be related to the adverse effect
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that moisture has on the tensile strength of brittle materials, which affects the
compressive strength of the joint.
The drainage condition is very important when dealing with the pore water
pressure, because in drained conditions no excess pore pressure will develop and
therefore a constant pore water pressure is maintained throughout the shearing process.
But in undrained conditions, pore-water pressure develops inside the joints undergoing
shear. This may accelerate or decelerate the deformation of joints according to whether
the induced pore water pressure influences the safety of the joint (Goodman & Ohnishi,
1973). Limited studies were devoted to study the development of pore pressure in rock
joints. Lane (1969) and Goodman & Ohnishi (1973) conducted some studies on smooth
saw-cut joints and Archambault et al. (1998, 1999) presented some test results on
undrained triaxial testing. According to them, the application of a deviator stress in
jointed specimens produced an increasing pore water pressure during the friction
mobilisation phase, followed by a roughness mobilisation which corresponds to the start
of a progressive decrease in pore pressure.
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Table 2.1 Effect of water on the shear strength of rock joints (after Barton 1973)

The hydro-mechanical behaviour of rock joints also has a significant effect on
the effect of pore water pressure. This is usually related with the size of the joint
aperture. When rock fractures experience a relative displacement process, the void
spaces between their opposite surfaces (apertures), may increase (i.e., dilation) with
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relative to shear or decrease (i.e., closure) with normal loads (Li et al., 2008). Detournay
(1980), Pyrak-Nolte (1990), and Raven & Gale (1985) have conducted a number of
studies to investigate the effect of normal loading on fluid flow through rock fractures.
Zimmerman et al. (1992) have observed that fluid flows in a rock fracture through
connected channels that bypass the contact areas. A number of empirical relations
between mechanical and hydraulic apertures of rock fractures have been proposed by
Olsson et al. (2001) to quantify the fluid flows in coupled shear flow system.

2.1.3.6 Pre-Loading
From the perspective of soil mechanics, the importance of overconsolidation is
universally recognised although understanding it with respect to jointed rock
engineering is still developing. Barton (1973) gained a valuable understanding of a
rough tension joint shearing in a large scale shear apparatus where the joint was
accidently preloaded to the maximum capacity of the apparatus (10 tons). The specimen
could not be sheared even at reduced normal stress and could not be opened without
mechanically wedging apart. The effect of preloading was then studied in detail by
Barton (1973), and an increase of approximately 5o and 10o in the friction angle were
observed for overconsolidation ratios of 4 and 8. The joints could easily interlock when
a preloading pressure is applied to rough irregular joints but the effect of over closure
was not observed clearly on planar joints.
In a later study, Babanouri et al. (2011) also pointed out the importance of the
overconsolidation ratio on rock joints. They carried out a set of mechanical direct shear
tests on plaster joint replicas of natural joints. The results showed that parameters such
as the shear strength, dilation angle, shear stiffness, the slope of the post peak curve, and
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the area of damaged asperities, had increased significantly with an increase in the
overconsolidation ratio. This increase in the shear stress with the overconsolidation ratio
is shown in Figure 2.8. The degree of over closure would depend on the engineering
problems encountered, the orientation of the critical joint set, and the magnitude of
normal stress experienced by the joints.

Figure 2.8 Variation in the shear stress – displacement in different over-consolidation
ratios (after Babanouri et al. 2011)
2.1.3.7 Scale Effects
Scale effects are importance in any laboratory study as the sizes of the samples used are
not always similar to the actual sample sizes in the field. Therefore it is important to
know how the sizes of the samples affect the measured properties and how the
laboratory results could be related to actual field conditions. Deere et al. (1967), Salas
(1968), Jaeger (1971), and Wareham & Sherwood (1974) pointed out the potential
influence of the scale effects to the measurement of shear strength. Bandis et al. (1981)
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showed that the effects of sample size could be significant on both the shear strength
and deformation characteristics. Furthermore, they stated that the scale effects are more
pronounced in rough, undulating joint types and they are virtually absent for planar
joints. Salas (1968), Londe (1973), and Infanti & Kanji (1978) observed that the scale
effects are appeared to be absent in cases such as infilled joints where the thickness of
the infill is larger than the roughness amplitude, which proved the results of Bandis et
al. (1981). Bandis et al. (1981) also observed that the JRC and JCS of joints reduce
when the sample sizes are increased and the peak shear behaviour is affected. It is also
noted that regardless of the joint roughness, jointed masses with many small blocks
show a higher peak stress compared to jointed masses with larger joint spacing. This
could also attribute to the change of joint stiffness with respect to the scale effects.
Various studies in literature have shown different characteristics of the scale
effects. Krsmanovic & Popovic (1966) observed no scale effect, while Pratt et al.
(1974) observed a ‘positive’ effect and Locher & Rieder (1970) observed a ‘negative’
effect. Pratt et al. (1974) conducted a series of field shear tests on a range of joint sizes
in a weathered quartz diorite, and the studies showed a 40% of reduction in peak shear
strength as the sample areas increased from 140 to 5000 cm2 (Figure 2.9).
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Figure 2.9. Scale effects on the shear strength of joints in quartz diorite (after Pratt et
al., 1974)
2.1.4

Shear strength models for clean rock joints

The shear behaviour of clean joints has been studied extensively in the past and
numerous shear strength models have been proposed. These models can mainly
differentiate between the boundary conditions used i.e. CNL or CNS. Some of these
analytical models are discussed in the following section in chronological order.
2.1.4.1 Constant Normal Load (CNL) Models
2.1.4.1.1 Patton (1966)
Newland & Alley (1957) first proposed a model to explain the dilatant behaviour of
granular material such as sand. This model was later extended to regular saw-tooth
artificial joints under CNL conditions by Patton (1966). He observed a bi-linear shear
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strength envelope for the joints tested, as described in Figure 2.10. The asperities began
to slide at a low normal stress, and at higher normal stresses shearing occurred through
the asperities. The following equations have been proposed for the different shearing
modes.
For asperity sliding:

   n tan b  i 

(2.12)

For asperity shearing:

  c   n tan b 

(2.13)

Figure 2.10 Bi-linear shear strength model (after Patton, 1966)
2.1.4.1.2 Ladanyi & Archambault (1969)
Ladanyi & Archambault (1969) proposed a shear strength model based on energy
because the model currently available by Patton (1966) used a purely statistical
approach with a bi-linear model. When a saw-tooth joint was subjected to shearing, and
if it is assumed there is no shearing across the asperities, the total shearing force S can
be given as the sum of three components:
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S  S1  S 2  S 3

(2.14)

where S1= component due to external work done in dilating against the external force N,
S2= component due to additional internal work in friction due to dilatancy, and S3=
component due to work done in internal friction if the specimen did not change volume
in shear. These components can be mathematically expressed as:

S1  N v

(2.15)

S 2  S tan i tan u

(2.16)

S 3  N tan u

(2.17)

where v is the rate of dilation at failure, i is the asperity angle and ϕu is the friction
angle. This model was further extended by the Authors by considering a fourth
component that assumed the shear strength when all the teeth of the joint have been
sheared off at the base. The modified equation can be expressed as:



 1  a s v  tan u   a s  tan o  s o 
1  (1  a s ) v tan  f

(2.18)

where as is the shear area ratio, σ is normal stress, and so and ϕo are shear parameters.
2.1.4.1.3 Barton (1973) and Barton & Choubey (1977)
Patton’s model was based on idealised joint geometries and was mainly successful for
low to medium normal stresses. A non-linear shear strength criterion was proposed by
Barton (1973) followed by the results of direct shear tests on artificial tension joints.
The normalised shear strength was expressed as follows:

  n  tan 2d n  30 o 
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d n  10 log10  c  n 

(2.20)

where dn is the dilation angle at peak stress and σc is the uni-axial compressive strength
of joint wall. The model followed the same form of Patton’s model (Equation 2.3).
However, in this study the parameter i is replaced by 2dn, and this strength component is
stress dependent, as it should be for non-planar rock joints. The proposed shear strength
criterion is expressed below by eliminating the dilation angle.



 tan 20 log10  c
n
n




  30 o 



(2.21)

The above equation was only applicable for rough undulating joints where a
constant of 20 was considered in the model. For joints with different roughness, this
constant had to be changed accordingly. Barton & Choubey (1977) later proposed the
parameter JRC to characterise joint roughness and this was easily adopted into the shear
strength equation. They modified Barton’s (1973) equation, including the parameters of
JRC, JCS, and basic friction angle (ϕb) as follows:


 JCS 
   b 
   n tan  JRC log 10 

 n 



(2.22)

They validated this empirical model over 100 joint specimens and were able to
successfully predict the peak shear strength. This model is widely accepted in the field
of jointed rock engineering despite its empirical nature.
2.1.4.1.4 Grasselli (2006)
Grasselli (2006) carried out a study to improve the understanding of the frictional
behaviour of rough rock joints under shear loads, and to relate its shear strength to the
shape of the rock joint interface (roughness). In his study he focussed on the
measurement and description of how roughness influences the size and the distribution
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of contact areas during shearing. Then he proposed a new shear strength criterion to
model shear resistance under constant normal load conditions. This model was proposed
based on the empirical estimation of rock joint roughness, and on the results of more
than fifty constant normal load direct shear tests performed on replicas of tensile joints
and on induced tensile fractures for seven rock types.
He proposed an empirical expression for peak shear strength based on the
current theory of rock joints and laboratory test results which can be expressed as
follows:
 *
 
1.18


 max  n  


 9. A .c  



o
t
max


   tan   


 p  D n tan b  i   1  e
b
 A 

 n


 o 



(2.23)

where, τp is the peak shear strength of the joint, σn is the applied average normal stress,
σt is the tensile strength of the intact material obtained from a standard Brazilian test, φr
is the residual friction angle (measured after a standard displacement of 5 mm), A0 is
the maximum potential contact area for the specified shear direction, θmax is the
maximum apparent dip angle with respect to the shear direction, C is the roughness
parameter, and the parameter β is a dimensionless fitting parameter. The predictions of
the model with the experimental results obtained from the laboratory tests are illustrated
in Figure 2.11.
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Figure 2.11 Estimation of peak shear strength from the proposed model (after Grasselli,
2006)
2.1.4.2 Constant Normal Stiffness (CNS) models
2.1.4.2.1 Models based on energy balance principles
2.1.4.2.1.1 Johnston & Lam (1989)
Johnston & Lam (1989) proposed an analytical model which describes the shear
displacement of regular triangular concrete/rock joints under CNS conditions. The
model predicted the maximum shear force of a rough joint and the inherent deformation.
It was not expected to cover very large shear deformation, even though the model could
consider post-peak behaviour to a certain extent. Their model was based on the energy
balance principles followed by Ladanyi & Archambault (1969). Asperity sliding and
shearing mechanisms were identified separately and the shear strength was proposed
subsequently.
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Johnston & Lam (1989) assumed that the penetration of micro-asperities of
concrete into the rock surface would occur when the contact normal stress exceeded the
uni-axial compressive strength, and cohesion which developed is directly proportional
to the length of the micro shear plane. This mobilised cohesion was expressed as:

cm 

 2
c sl
cos 1 1  n

c






(2.24)

where csl is the cohesion of the rock for asperity sliding and σn is the actual normal stress
acting between the contact faces. The initial function S2 (Equation 2.7) of Ladanyi &
Archambault (1969) model was modified to carry the additional force exerted by
cohesion and the following expression was introduced for initial sliding:

 slp   no tani   slp  

 c sl
4 slp sin i cos i 
1 


cos
1



2 cos 2 i1  tan i tan  slp 
c



(2.25)

where i is the asperity angle, σn is the initial normal stress, ϕpsl is the peak friction angle
in sliding, η is the interlocking factor, csl is the cohesion of the rock for asperity sliding
and σc is the uni-axial compressive strength.
When asperities start sliding, dilation will occur in the joint with respect to the
shear displacement. This will increase the normal stress depending on the stiffness. The
relative movement of surfaces would influence the value of the angle of sliding friction
which was described as:

  slp   slr
 sl    
 
r
sl


 4 r sin i cos i 
 cos 1 1  sl


c




(2.26)

where ϕrsl is residual angle of friction for sliding and τrsl is average residual shear stress
for sliding. The applied average shear stress for subsequent sliding was given by:
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 slr   no   n  tan i   sl  

(2.27)

 c sl
4 slr sin i cos i 
1 


cos
1



2 cos 2 i 1  tan i tan  sl 
c



where Δσn = KΔy1, Δy1 = dilation caused by shear displacement and K = spring stiffness.
If the resistance to shearing through a rock asperity is less than that for sliding
up the leading face of the asperity, sliding will occur initially. The resistance offered by
any shear plane inclined at θ1 to the direction of shear may be derived in terms of
components of S described in Ladanyi & Archambault (1969). The resulting average
shear stress was given as:

 shp   no   n  tan 1   shp  

c sh tan i 
cos 1 tan i  tan 1  1  tan 1 tan shp
2



(2.28)



where τpsh = average shear stress for shearing, ϕpsh = peak friction angle in shear and csh
= cohesion for shearing.
Once relative displacement has occurred by movement along the initial shear
plane of inclination θ1, a state may be reached at which a second shear plane may offer a
smaller resistance. If this second shear plane has an inclination θ2, the stress necessary
was given for a length of specimen (L), by:

 shp   no   n  tan  2   shp 

y 2 
 x
c sh tan i1 


L L tan i 


cos 2  2 tan i  tan  2  1  tan  2 tan  shp



(2.29)



2.1.4.2.1.2 Seidel & Haberfield (1995)
Seidel & Haberfield (1995) extended the model proposed by Ladanyi & Archambault
(1969) based on the energy principles. Even though Ladanyi & Archambault (1969)
extended their model to natural joints by assuming equality between the rate of joint
dilation and the effective joint asperity angle, this assumption of equality was not
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universally valid and could underestimate the joint shear strength. The Authors derived
the following relationships if a joint dilates at an angle (i) that is less than the initial
asperity angle (io) (Figure 2.12).
(2.30)

S  S1  S 2  S 3
S1 

N dy  dp  Ndp

 N tan i
dx
dx

(2.31)

S 2  S i tan b

(2.32)

S 3  N tan b

(2.33)

where S is the total force, dy is the increment of dilation, dp is the plastic deformation,
dx is the shear displacement, N is the applied normal force and ϕb is the basic friction
angle. Equation (2.30) can be rearranged in terms of stress as:



 n tan i  tan u 
1  tan i tan b 

(2.34)

N

dp

S
dy

io

i
dx

Figure 2.12 Deformation due to inelasticity (after Seidel & Haberfield, 1995)
2.1.4.2.1.3 Indraratna et al. (1999)
Indraratna et al. (1999) presented an attempt to improve the understanding of shear
behaviour of rock/rock interfaces by introducing a simple but accurate method to predict
joint dilation under CNS using a Fourier Transform method. A new shear strength
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equation was developed through their study based on the energy balance principles. The
Fourier series has been successfully used as a tool for characterising metal surfaces in
mechanical engineering applications, but has not been widely used in the field of rock
mechanics. Typical joint dilation behaviour of a saw-tooth joint under CNS conditions
(Figure 2.13) was modelled as follows:

 v h  


ao
  a n cos2nh / T   bn sin 2nh / T 
2 n 1

(2.35)

The Fourier coefficients could be determined by the experimental data and simplified to
the following summation series, by sub-dividing the dilation versus horizontal
displacement plot into m equal parts.
an 

2 m 1
2k
y k cos
n

m k 0
m

(2.36)

bn 

2 m 1
2k
y k sin
n

m k 0
m

(2.37)

The variation of normal stress based on the respective joint dilation (obtained from
Equation (2.35) under CNS can be given as follows for an initial normal stress (σno):

 n h    no 

k n v h 
A

(2.38)

where σn(h) is normal stress at any horizontal displacement h, kn is normal stiffness,
δv(h) is dilation corresponding to horizontal displacement h, and A is joint surface area.
The shear stress response with the horizontal displacement could be calculated
by following the model proposed by Patton (1966).
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 h    n h  tan b  i h 

(2.39)

where ϕb is the basic friction angle and i(h) is the inclination of the tangent to the
dilatancy curve at any horizontal displacement h. The Equation (2.39) could be
rearranged as:

 tan b   tanih  

 h    no   n.h 
 1  tanb  tanih  

(2.40)

The model proposed by Ladanyi & Archambault (1969) inspired by Patton
(1966) used an energy balance approach to predict the shear behaviour. They assumed
the total shear resistance (S) is a sum of three functions, where S1 is the component of
external work done in dilating against external stress, S2 is the component of additional
work done against internal friction due to dilatancy, and S3 is the component of work
done in friction if the sample did not change volume during shearing. If the asperity
degradation is considered, the function S2 needs adjustment compared to the original
model (Equation 2.7), as the relative dilatancy has been reduced. S2 can be represented
by S 2  S tan ih  tan b  . In order to satisfy the energy balance principle, the
component of the work done term S1 was changed as S1   n.h tan i  . The shear stress
equation was then modified accordingly with the Fourier coefficients as:
n

k a
2nh
2nh   tanb   tani  


 h   no  n  o    a n cos
 bn sin
  
A 2
T
T   1  tanb  tanih  
1 


(2.41)

By differentiating the Equation (2.41) with respect to horizontal displacement, the
maximum shear stress (τp) could be obtained. In order to achieve this, Equation (2.35) is
differentiated first with respect to h and the following equation is obtained.

Chapter 2 – Literature Review

40

tan ih  

d  v h
2n  n
 2nh  n
 2nh  

a
sin

   bn cos


n

dh
T  1
 T  1
 T 

(2.42)

Figure 2.13 Typical dilation behaviour of a saw-tooth joint under CNS (after Indraratna
& Haque, 2000)
The optimum value of shear stress could be obtained by differentiating Equation (2.41)
and equalising to zero. After substituting the value of tan(ih), the solution was expressed
as:
d h k n

dh
A

n

 na
1

n

n
 2nh   2
 2nh 
sin 
tan  b  na n sin 
 1 

T
T


 T 
1

(2.43)

n
n
k a
2nh  
2nh 
 2

tan b  n 2 a n cos
  no  n  o   a n cos
  0
T 
A 2
T 
1
1
 T

The solution to the problem can be obtained either by graphically (Figure 2.14)
or numerically using a computer code. The horizontal displacement corresponding to
peak shear stress can be given by Equation (2.44). The simplified solution to the peak
shear stress is presented in Equation (2.45) considering only one harmonic for regular
triangular saw-tooth asperities.

h peak
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2h p
k a
 p   no  n  o  a1 cos
A  2
T


 tan  b  tan i

 1  tan  tan i
b
hp







(2.45)

Figure 2.14 Graphical representation of prediction of clean joint peak shear strength
(after Indraratna et al., 1999)
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2.1.4.2.2 Saeb & Amadei (1990, 1992)
Saeb & Amadei (1990, 1992) proposed a graphical method to predict the shear strength
of rock joints using a series or idealised joint response curves selected for the sake of
simplicity when introducing the method. Figure 2.15a shows a hyperbolic joint closure
vs normal stress, while Figure 2.15b shows a series of shear stress vs. shear
displacement curves for a joint tested under constant normal stress ranging between A
and 20A, where A is an arbitrary number. Figure 2.15c shows the dilatancy curves for
the shear tests, and Figure 2.15d shows the relationship between normal stresses vs.
shear displacement. The Authors stated that the proposed method can be used to analyse
the shear behaviour of a rock joint under any boundary condition.
Figure 2.15b and Figure 2.16 can be used to predict the shear strength of
a joint for any load paths. If the four distinct load paths shown in Figure 2.16 are
considered, these paths originate from point A assuming that a normal stress σn = 4A
was applied without any shearing. Under constant applied normal stiffness k, the joint
follow a path AFGHI, it follows a path ABCDE under CNL conditions (k = 0) and
AJKLM when no change in joint normal displacement is allowed. Finally, the path
ANPQR corresponds to a rock joint with an increasing applied normal stiffness. This
model can be used to predict the shear strength under CNS condition by the data
obtained under CNL conditions. But the use of the model is constrained by the need for
a wide range of CNL tests.
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Figure 2.15 Joint response curves for normal stress σn ranging between 0 and 20A (after
Saeb & Amadei, 1992)
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Figure 2.16 Normal stress vs. normal displacement curves at different shear
displacement levels (after Saeb & Amadei, 1992)
2.1.4.2.3 Skinas et al. (1990)
Shear behaviour under constant normal stiffness with coupling the dilation-shear
displacement was proposed by Skinas et al. (1990) (Figure 2.17). The right half of the
figure contains two dilation curves which correspond to shear under constant normal
stress, while in the left half there is a trend of variation of normal stress with normal
displacement for constant boundary stiffness. If a point on the dilation curve which
corresponds to σni is assumed, after the joint has sheared to a new position ui+1, normal
displacement will increase to a value of vi+1 depending on the change in normal stress
(Δσ). This new point refers to another dilation curve corresponding to σn+1. The position
of the new point can be defined, if the following conditions are satisfied.
vi 1  vi  u i 1  u i  tan d ni 1
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 ni 1   ni  K vi 1  v1 

(2.47)

The change in dilation Δv with the change in shear displacement Δu can be conveniently
calculated by adopting the concept of mobilised dilation.
v  u  tan d n mob 

(2.48)

where the angle of mobilised dilation is given by:

d n mob 

 JCS 
1

JRC mob log
M
 n 

(2.49)

where M = damage coefficient, JRC (mob) = mobilised joint roughness coefficient, and
JCS = joint wall compressive strength. The final mobilised shear strength was
calculated by combining the mobilised dilation equation following Barton’s shear
strength criterion:


 JCS 
   r 
 mob    ni 1 tan  JRC mui 1 log
  ni 1 


where ϕr is the residual friction angle.

(2.50)

Figure 2.17 Procedure for calculating the dilation behaviour under constant normal
stiffness (after Skinas et al., 1990)
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2.1.4.2.4 Vallier et al. (2010)
Vallier et al. (2010) proposed a shear model accounting the scale effect in rock joint
behaviour. They have classified the rock joints into three different categories depending
on their scale. The “micro” scale which is the scale of the asperities; the ‘meso scale’ is
the scale of the specimens tested in the laboratory; and the ‘macro scale’ which is the
scale of the rock mass. They have proposed an effective way to model rock joints at
both meso and macro scale. An original constitutive mechanical model, in which
parameters are deduced from experimental results, has been developed. This model is
then extended to simulate the discontinuities occurring at a larger size. At the macro
scale, the constitutive modelling was carried out for both small and large relative
displacements. Large displacements have lead to substantial changes in dilation.
They proposed a constitutive matrix taking into account interface constitutive
equation and the Mohr-Coulomb criterion. The originality of this formulation is to take
into account the direction of shearing with the parameter ε. The constitutive equation
can be expressed as:

    n tan    C 

(2.51)

where, ϕ is the wall friction angle, C is the cohesion of the joint, ε = -sign(τ), τ and σn
are the shear and normal components of the stress vector.
2.2
2.2.1

Shear behaviour of infilled rock joints
Introduction

Rock masses present in nature are generally characterised by discontinuities such as
joints, fractures, and other planes of weakness. Discontinuities that are infilled with fine
grained material which is either transported or appears as a result of weathering or joint
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shearing, will adversely affect the behaviour of the rock mass. Many studies have been
carried out to investigate the behaviour of clean joints (Barton, 1973; Barton, 1986;
Ohnishi & Dharmaratne, 1990; Indraratna et al., 1999) but only limited studies have
been conducted on infilled joints (Kanji, 1975; Ladanyi & Archambault, 1977; Lama,
1978), with the result being that the strength of a filled joint is often assumed to be that
of the infill material alone. This assumption may be on the safe side if the joint is
considerably thick but it omits the fact that rock to rock contact may take place when
the infill thickness is less than a certain critical value and therefore strength of a filled
joint may be significantly underestimated.
There are several basic parameters to be considered when dealing with the shear
strength of infilled joints, some are related to the joint itself and some to the test
equipment and particular problems under consideration (de Toledo & de Freitas, 1993).
The shear strength of an infilled joint is a function of joint roughness, the degree of
weathering of the joint surfaces, and the thickness and type of infill material. The
physico-mechanical properties of infill such as cohesive, non-cohesive, grain size of the
filling material, saturation, and degree of consolidation play a greater role in defining
the shear strength of a joint. The degree of infill saturation can be considered as one of
important parameters influencing the shear behaviour of filled joints. Many researchers
have focused only on laboratory testing of infilled joints under fully saturated condition
neglecting the effect of degree of infill saturation. This is due to the complexity of the
theories and laboratory testing involved with unsaturated soil. Many studies such as
Indraratna et al. 2005, Indraratna et al. 2010 have considered a particular infill
saturation to avoid its effect on the joint shear strength. Direct shear test conditions have
been used by many researchers to investigate the behaviour of natural and artificial
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infilled rock joints. In general, triaxial conditions in a laboratory are suitable for
studying the effect of parameters such as the degree of infill saturation on inclined
infilled joints. This chapter summarises the previous work on infilled rock joint shear
behaviour and the mathematical models available for evaluating the shear strength.
2.2.2

Occurrence of infilled rock joints

The occurrence of infilled joints in the field can comprise a range of complex
processes, so to understand the significance of all the different varieties on a more
realistic level, it is important to simplify these complex processes. On this basis the
filled joints available have been categorised into two primary parts by Barton (1974):


Filled joints subjected to earlier shear displacement and are therefore at, or near
their residual strength;



Filled joints that have not been displaced.
Filled joints that have been subjected to earlier displacements can be faults, old

slide surfaces in rock masses, shear zones, clay mylonites, and bedding plane slips. The
faults and old slide surfaces are possibly filled with gouge material formed during the
sliding process itself, whereas clay mylonites and bedding plane slips involved slip
across discontinuities which were already clay-bearing and merely represented weak
horizons during folding or gravitational sliding during the formation of the basin. In all
these cases, joints have become displaced over periods sufficient enough to be assumed
that they are in a residual state. But the filled material (mainly silty-clay) in the joints
situated close to the surface could have been washed into the voids as a result of near
surface weathering and therefore might not be at their residual state. Nevertheless, the
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shear strength of the whole will be low, especially considering the additional softening
that may be due to increased water content.
Filled joints without any previous displacement can occur in sedimentary rocks
by altering the beds or seams of clay and weak rocks such as shale, sandstone, or
limestone. In igneous and metamorphic rocks, many varieties of filling could be
observed as a result of alteration while a very large group of filled discontinuities can
also be broadly described as being hydrothermally altered. With regards to near surface
excavations, there are two further potential classes of un-displaced joints formed due to
surface weathering. The finer products of weathering such as silty clays may be washed
into open, water conducting joints and then gradually precipitate as a weak
unconsolidated clay with a correspondingly high water content. The products of
weathering may also remain in situ and result in a weak interface between two
differently weathered rocks.
2.2.3

The role of infill on the sliding behaviour and joint shear strength

The strength of a rock joint depends on the geometry of the joint surfaces and the
thickness of the infill. Barton (1974) described the role of the thickness of clay fillings
on rough, undulating joints by considering four groups of thicknesses as illustrated in
Figure 2.18.
(a) Very low infill thickness: Almost immediate rock-to-rock contact occurs where
high normal stresses across the contact points are sufficient enough to dispel the
clay in these critical regions and the strength is not much different from a clean
joint. A slight reduction in dilation at peak strength is compensated by the cohesive
action (of adhesion) of the clay in zones which would be voids during the shear of
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clean joints. Negative pore pressures in the filling may be attributed to joint dilation
if the shearing rate is fast.
(b) Low infill thickness: The joints would require much higher shear displacement to
achieve the same amount of rock-to-rock contact as in “A” (Figure 2.18). Dilation
corresponding to the peak strength is greatly reduced due to the new position of
peak strength is similar to the position of the residual strength of clean joints. A
similar adhesive effect can be observed in “A” (Figure 2.18) and reduced or no
negative pore pressures developed due to reduced dilation.
(c) Moderate infill thickness: No rock-to-rock contact occurs anywhere, but there will
be a build up of stress in the filling where the adjacent rock asperities come close
together. The increased pore pressure in these highly stressed zones will reduce the
strength if the shearing rate is fast, but if the shearing rate is slow, consolidation
and drainage will occur, with drainage being directed towards the low stress
pockets on either side of the consolidation zones, resulting in a marked increase in
the shear strength.
(d) High infill thickness: when the infill thickness is several times that of the asperity
amplitude, the influence of rock walls disappears. Provided the filling is uniformly
graded and predominantly clay or silt, the shear strength behaviour will be
governed by straight-forward soil mechanics principles.
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Figure 2.18 Four categories of discontinuity filling thickness
Ladanyi & Archambault (1977) conducted a comprehensive review of the
behaviour of filled joints, and their main findings can be summarised as follows:
 The failure envelope of most filled joints is located between that for filling and
that for a similar clean joint;
 The stiffness and strength of a filled joint slowly decreases with increasing infill
thickness, but even at 100% filling thickness, they still remain considerably higher
than those of the infill alone;
 The stress-displacement curves of filled joints consists of two segments, one
reflecting the deformability of the filling before the rock-to-rock contact, and
another reflecting the deformability and failure of the filling and the rock
irregularities in contact;
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 The dilation rate at peak stress decreases with increasing normal stress and
becomes contraction at higher normal stresses;
 The shear strength of a filled joint does not always depend on the thickness of the
filling. If the joints walls are planar and smooth, or covered with a coating with
very low friction angle, the shear plane is always located at the interface;
 One of the most dangerous gouge materials is swelling clay, because of its loss of
strength due to swelling and the high pressure created if the swelling is prevented.
The potential for swelling should be determined for clays containing swelling
minerals; and,
 If the joint walls are weathered, the shear strength of the joints can be described
by Patton’s (1966) bi-linear strength envelope in which both the asperity angle (i)
and the shear strength of the rock decrease with the degree of weathering.
2.2.4

Parameters controlling the shear behaviour of infilled joints

The shape, size, degree of roughness, and number of contacts between the surfaces
controls the mechanical properties on clean joints, whereas with infilled joints there are
much more parameters which govern its behaviour. Previous studies, including Barton
(1974), de Toledo & de Freitas (1993, 1995); Indraratna & Haque (2000) have
presented the key parameters controlling the strength of infilled joints. The most
important parameters influencing the shear behaviour of infilled joints are listed below
and discussed in the following sections.


Boundary conditions of the infilled joint;



Infill type and thickness;



Drainage condition, pore-water pressure and shearing rate;
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Type and roughness of the joint ;



Degree of overconsolidation.

2.2.4.1 The role of infill type and thickness on shear behaviour of joints
Infill material may exist in the joints for many reasons. These may extend from
weathering or deposition, and to the many complicated geological processes described
earlier. The sheer variety of infill materials present in various joints has a significant
influence on the shear behaviour as the frictional coefficient of the infills varies in a
wider range. In many instances, the infill material of a natural joint may consist of
particles of clay, silt, and perhaps sand, while the coarser particles will tend to increase
the friction angle above that of the clay particles. The orientation of the clay particles
will be inhibited and the coarse particles may contribute some measure of their own
higher strength to the overall value (Barton 1974). Many researchers have conducted
laboratory testing with different infill materials including natural gouge materials, silty
clay, and bentonite etc. The influence of the infill type to the shear behaviour is
discussed in detail in following sections including the effect of infill thickness.
Besides the properties of the constituent materials, the infill thickness is perhaps
the most important parameter controlling the strength of the joint (de Toledo & de
Freitas 1993). Several investigations have reported that the thicker the infill, the lower
the strength, up to a boundary value where it no longer varies. According to the test
results of Kanji (1975), the shear strength of a filled joint could even be lower than the
infill alone. The effect of infill thickness is significantly affected by the surface profile
or the roughness distribution of the joints. The height of the asperities will govern the
boundary where interference from the rock is no longer contributing to the shear
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strength. Therefore, in most studies the parameter, infill thickness to asperity height
ratio (t/a) was commonly used to better describe the effect of infill thickness.
Goodman (1970) reported a series of direct shear tests carried out on saw-tooth
shaped joints with a crushed mica infill. He observed that the shear strength of the joint
gradually decreased with an increasing relative thickness of the infill (t/a) and the
strength of the joint was greater than the infill alone at a t/a of 1.25 (Figure 2.19).

Figure 2.19 Effect of thickness of joint filling on strength (after Goodman, 1970)
Ladanyi & Archambault (1977) conducted direct shear tests on idealised infilled
joints with kaolinite and sandy silt infill. They used three different types of joints with
initial asperity angles ranging from 15o-30o. Their results showed similarities to the data
presented in Goodman (1970). For all three types of joints with different infills, the
shear strength of the infilled joint exceeding t/a of 100% showed a higher shear strength
than the infill alone (Figure 2.20). The gap between the strength of the infilled joint and
the infill alone was reduced with increasing normal stress for both types of infill.
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Lama (1978) conducted a series of laboratory tests on rough model rock joints
filled with kaoline (Figure 2.21). The infilled joints were tested for a range of infill
thicknesses varying from 0-5 mm and the rough joints had a maximum asperity height
of 2.68 mm. He observed that the strength of the filled joint was greatly influenced by
the thickness of filling and the strength of filled joints dropped to almost 50% at a t/a
ratio of about 0.07 – 0.25, while the strength of the filled joint approached infill alone
for a t/a ratio smaller than one. Dilation of the joints was also recorded with the strength
and was seen to have dropped with an increase in the thickness of the infill material.
The joints dilated up to a t/a of 0.5 and thereafter started to compress due to the
increased thickness of the infill.
Phien-wej et al. (1990) presented large scale direct shear test results on sawtooth joints with oven dried bentonite infill. The generalised shear stress-displacement
relationship observed from the data is illustrated in Figure 2.22. The test results showed
that the shear strength of the filled joints approached the strength of the infill alone
when the infill thickness approached approximately twice the amplitude (t/a = 2.0),
regardless of the roughness of the joints (Figure 2.23).
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Figure 2.20 Effect of thickness of clay filling on the strength of joints in shear at normal
stress of 2.90 MPa. (after Ladanyi & Archambault, 1977)

Figure 2.21 Influence of thickness of kaoline filled joint on shear strength (after Lama,
1978)
Papaliangas et al. (1993) conducted a detailed testing program on plaster cement
model joints filled with kaolin, marble dust, and pulverised fuel ash (PFA). Based on
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the results obtained, they generalised the shear behaviour according to the t/a ratio
(Figure 2.24). Discontinuities with very little infill showed a clear peak strength after a
small shear displacement, and then it gradually reduced to a residual strength with a
similar value to that of an infilled joint. With the increased thickness the peak started to
diminish and a gradual change of slope in the initial part of the stress-displacement
curve was observed. Strain-hardening behaviour was observed with the thicker infilled
joints. The shear strength dropped at a t/a ratio of 0.6 for kaolin filled joints, and for
marble dust and PFA it ranged between 1.25-1.50. The variation of peak shear strength
with different t/a ratios is illustrated in Figure 2.25, after Papaliangas et al. (1993).

Figure 2.22 Generalised shear stress-displacement relationship of infilled joints (after
Phien-wej et al., 1990)
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Figure 2.23 Effect of t/a ratio on peak shear stress of joints (after Phien-wej et al.,
1990)

Figure 2.24 Typical shear strength
strength-shear
shear displacement curves for an infilled joint
(modified after Papaliangas et al. 1993)
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Figure 2.25 Effect of infill thickness on peak shear strength
Indraratna et al. (1999) conducted direct shear tests on infilled joints with
bentonite infill under CNS conditions. They used two different idealised saw-tooth
geometries with initial asperity angles of 9.5o and 18.5o prepared with gypsum plaster.
The peak shear stress obtained for infilled joints is plotted against the t/a ratio for
various values of normal stresses, together with the clean joints, as shown in Figure
2.26. They observed that the addition of a small amount of infill decreases the strength
of a joint by almost 50%. As the infill thickness is further increased, the peak shear
stress gradually decreases and once the critical t/a is reached, the drop in strength
becomes marginal.
Indraratna et al. (2005) presented the laboratory results of infilled joints tested
under CNS conditions for graphite, bentonite, and clayey sand infill under the same
joint geometries used by Indraratna et al. (1999). They observed that regardless of the
infill material or asperity height, the fall in shear strength is in narrow bands with
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increasing t/a ratios (Figure 2.27). They also pointed out that the critical t/a ratio
depends on the type of infill and the surface profile of the joint.

Figure 2.26 Variation of peak shear stress against t/a ratio for infilled joints (after
Indraratna et al. 1999)
2.2.4.2 The effect of drainage condition, pore-water pressure and shearing rate on the
shear behaviour
2.2.4.2.1 Drainage condition and shearing rate
The drainage condition is one of the important factors controlling the shear behaviour of
infilled joints. Drained shear strength is always greater than undrained shear strength
and therefore, the rate of displacement should be maintained at a level where sufficient
time is allowed for pore pressure dissipation during shearing. Barton (1974) stated that
for joints with thinner infills, dilation due to rock-to-rock contact would cause negative
pore water pressures if the shearing rate is fast or drainage is prevented, whereas joints
with thicker infill would experience positive pore water pressures.
de Toledo & de Freitas (1993) stated that the decision of whether the drained or
the undrained shear strength of an infilled joint is the relevant parameter in any
particular engineering problem cannot be made based only on the rate of loading and on
the permeability of filler, because the dissipation of the pore pressures developed during
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loading is extremely sensitive to the boundary conditions pr
provided by the rock.
Drainage of the pore pressures in an infill material within a joint can occur rapidly
depending on the permeability of the rock or the limited spacing of the joint sets
orthogonal to the surface of shear. However, free draining boundary conditions do not
always guarantee that pore pressures will not develop because the failure surface does
not necessarily touch the solid boundary apart from a few points. de Toledo & de
Freitas (1993) conducted a series of infilled joint tests on ring shear apparatus where the
rock boundaries were represented by porous stones to maintain fully drained
boundaries. Figure 22.28 shows the influence
nfluence of the rate of shear on the peak shear
strength with a constant infill thickness of 5mm.

Figure 2.27 Variation of normalised shear strength with t/a ratio (after Indraratna et al.
(2005)
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Figure 2.28 Influence of the rate of shear on the shear strength of infilled joints for t > a
(after de Toledo & de Freitas (1993)
2.2.4.2.2 Pore-water pressure
Jayanathan (2007) carried out a detailed study of clay infilled rock joints under
undrained triaxial conditions to observe the development of pore-water pressure during
shearing subjected to different infill thickness. Figure 2.29 illustrates the undrained
shear behaviour of planar joints with the development of pore water pressure. Joint
dilation was not observed in the planar infilled joints and the shear plane was observed
to be within the infill material. Therefore, the pore water pressure was observed to have
increased from the start of shearing. Figure 2.30 shows the test results of idealised sawtooth joints with an initial asperity angle of 18o with different infill thicknesses. When
t/a <1.0 the infilled joint showed two stages of shearing combining the effects of infill
and rock interfaces. Shearing initially started through the infill and then after the first
peak, rock-to-rock contact occurred and a higher second peak was observed. There was
an increase in pore water pressure upon loading but as the joints dilated due to
interference from the rock, there was a decrease of pore water pressure (suction) (Figure
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2.30). This decrease in pore water pressure decreased with increasing infill thickness as
the asperity interference had also decreased, causing less dilation. It is important to note
that negative pore pressure can be developed upon dilation only if the infill is initially
saturated, otherwise the air expands and the water pressure does not drop. When the t/a
> 1.0, the pore-water pressure increased continuously to a peak value and then remained
almost constant. The infill was much thicker in such cases and joint shearing took place
only through the infill, giving no joint dilation, but only compression. This associated
behaviour was in accordance with the undrained shearing of normally consolidated
infill.

Figure 2.29 Undrained shear behaviour of infilled planar joins at confining pressure of
200 kPa (after Jayanathan 2007)
2.2.4.3 The role of joint type and roughness on the development of failure plane
The rock boundaries in an infilled joint have a greater effect on the overall shear
behaviour, especially when the thickness of the infill is relatively low. Infilled shear
strength data are available for various types of rocks with a large variety of roughness.
The aim of a laboratory investigation is to establish the likely shearing mechanism
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involved in infilled joints. It is quite difficult to use natural joints for systematic
laboratory testing because obtaining the same surface geometry for repetitive tests is a
problem. To avoid this difficulty many researchers use model rock materials to prepare
idealise joint geometries. There have been attempts to match the surface geometry of
natural joints to model rock joints in order to observe the real behaviour of the joints.
Indraratna et al. (1999) showed that idealised model rock joints can be successfully
used to represent the joint behaviour. They reported that the roughness amplitude
significantly influenced the peak shear strength of the joint. Kodikara & Johnston
(1994) reported test results of irregular and regular concrete/soft rock joints and
concluded that regular joints have a higher shear strength than irregular joints.

Figure 2.30 Effect of t/a ratio on pore-pressure development and shear strength for
confining pressure of 200 kPa (after Jayanathan 2007)
Kanji (1974) carried out a detailed study on the effect of soil-rock boundaries on
the shear strength of infilled joints. He tested flat saw-cut and polished surfaces of
limestone and basalt in shear box using different soils as the infill material. The results
of the ratio of the shear strength of the joint to that of the soil alone indicated that an
infilled joint can be much weaker in some cases than the soil that constitutes its filler. de
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Toledo & de Freitas (1993) stated that the roughness of the rock boundaries affect the
strength of a joint in two ways. In clay fillers, sliding occurs along the contact due to the
particle alignments, whereas in sands the rolling of grains seems to be the major factor
responsible for the greater weakness of a joint compared with its filler. Figure 2.31
shows two set of joints with different roughnesses filled with the same sandy infill. The
joint in Figure 2.31a is rough enough to prevent movement of the sand-rock contact and
sliding friction in the sand must be overcome for failure to occur, whereas the joint in
Figure 2.31b is smooth and allows grain rotation on the boundary, so only rolling
friction must be overcome. In clay infilled joints, the surface effect may reduce the
strength of a joint at much lower levels of roughness. In these cases the porosity of the
rock may play a role by being able to obstruct the continuity of particle alignment.

Figure 2.31 Rock joint-sand filler contact: (a) rough surface with no influence in the
shear strength; (b) smooth surface with weakening of the joint
2.2.4.4 Influence of degree of overconsolidation of the filling material to the shear
behaviour and development of pore-water pressure
Barton (1974) stated that almost all the discontinuities exposed to the surface are in an
overconsolidated state. The only filled discontinuities likely to be normally consolidated
are those resulting from surface weathering processes. The difference in shear strength
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between normally and overconsolidated states could be significant if the infilled joints
have not previously been displaced. Barton (1974) also stated that heavily
overconsolidated infilled joints that have suffered tectonic stressing could have a
significantly higher cohesion intercept. He also observed that infilled joints with
elevated pre-consolidation pressures would increase the shear strength, but this increase
depended mainly on the thickness of the infill and roughness of the joints.
Jayanathan (2007) carried out a detailed study focusing on the effect of infill
overconsolidation to the shear strength of infilled joints. The overconsolidation effect
occurred for silty clay infilled joints with different surface joint geometries such as
planar, regular, and irregular. Figure 2.32 shows the effect of overconsolidation ratio
(OCR) for a planar joint with a 4mm thick infill. An increase in strength with increasing
OCR can be clearly observed when the OCR has increased from 1 to 8. The pore
pressure behaviour was converse to the shear strength which showed a decrease in
excess pore pressure with an increasing OCR. Figure 2.33 illustrates the effect of OCR
on the shear behaviour of infilled sandstone joints for two different infill thicknesses.
For thinner infill joints (t = 1mm), the strength envelope showed two peaks, as
described earlier. The first peak corresponds to the yielding of infill was mainly affected
by the OCR. The stress-strain behaviour after this point was mainly influenced by the
rock-to-rock interference. The pore pressure behaviour showed the characteristic of a
typical thin infilled joint, which had an initial development of pore pressure followed by
negative pore pressure due to joint dilation. The development of positive pore water
pressure became lower with increasing OCR. For higher infill thicknesses (t = 7mm),
the joint showed no asperity interference and the shear plane was only through the infill.
For overconsolidated infill joints (OCR = 4, 8) the shear stress showed a drop after
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reaching the peak, which is a characteristic of overconsolidated clays. There was also a
drop in pore water pressure due to the joint dilation attributed after reaching the peak for
overconsolidated joints while the normally consolidated infilled joints held the pore
water pressure at a constant level. Similar observations were made for idealised sawtooth joints tested under different OCRs for the same infill material (Figure 2.34).
This research study carried out by the writer followed a similar approach as
Jayanathan (2007) to investigate the effect of degree of infill saturation to the shear
behaviour of joints. Jayanathan (2007) has only considered fully saturated state of the
infill material neglecting the effect of infill saturation to the shear strength. Most of the
infilled joints present in the field are in unsaturated conditions as explained earlier and
therefore it is necessary to investigate their behaviour. The behaviour of the joints was
different based on the thickness of the infill present in the joint as observed in above
case. For thinner infill joints two stages of shearing was observed similar to Jayanathan
(2007) and for thicker infill joints, shearing only through infill was observed. The effect
of different infill saturations to the joint shear strength is further discussed in following
chapters.
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Figure 2.32 The shear behaviour of infilled planar joints with varying OCRs for
confining pressure of 500 kPa and infill thickness of 4mm
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Figure 2.33 The shear behaviour of infilled sandstone joints with varying OCRs at
confining pressure of 500 kPa

Chapter 2 – Literature Review

70

Figure 2.34 The shear behaviour of infilled saw-toothed joints with varying OCRs for
t/a of 0.5 and 3.5 under confining pressure of 500 kPa
2.2.5

Existing shear strength models for infilled joints

Existing shear strength models on infilled joints can be broadly categorise depending on
their boundary conditions as CNL or CNS. Many of the models available are based on
CNL conditions as many early studies were carried out in conventional direct shear
apparatus. Most of these shear strength models are in empirical nature and proposed
based on laboratory studies, and therefore, predicts the peak shear strength of the joint.
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Limited amount of models are available to predict the full shear displacement behaviour
of the joints. These models can be further categorised in to models based on shear
strength drop due to infill, models based on cumulative shear contribution from rock
interface and infill material, graphical models. A critical review of existing shear
strength models is presented in the following sections.
2.2.5.1 Peak shear strength models under CNL conditions
2.2.5.1.1 Models based on shear strength drop due to infill
Based on the test results of model rock joints filled with dry commercial bentonite,
Phien-wej et al. (1990) proposed an empirical relationship for peak shear strength. The
proposed model was in exponential nature and derived by curve fitting the test results.
The model was valid up to the infill thickness at which the strength of infilled joints is
equal to the infill strength. The strength of the infilled joint would be equal to the
strength of the infill alone when the infill thickness (t) equals to (a2/k2), which defined
the upper boundary of the model.

p
n



 o k1
t a  expk 2 t a 

n n

(2.52)

where τp is the shear strength of the infilled joint with infill thickness (t), τo is the shear
strength of the clean rock joint, σn is the normal stress, and k1 and k2 are constants that
vary with the surface roughness of joint and normal stress. This model only considers
the effect of infill thickness or t/a ratio to the total shear strength of the joint. The peak
shear strength of the joint is calculated by subtracting the shear strength drop due to the
presence of infill material. This method provides a good approach on predicting the
shear strength of filled joints but more parameters governing shear behaviour such as
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basic friction angle of the joints and friction and cohesion of the infill have to be
included to extend its accuracy and applications. The writer has used increased number
of parameters in their model to better predict the filled joint strength.
2.2.5.1.2 Models based on cumulative shear strength of rock interface and infill
material
2.2.5.1.2.1 Ladanyi & Archambault (1977)model
Ladanyi & Archambault (1977) presented two possible approaches to analytically
represent the shear strength of infilled joints. One approach covered the domain in
which the irregularities remained intact during shearing. This corresponded to natural
joints with flat, undulating, irregularities at low normal stresses with a weak filling. The
other approach covered the domain where asperities broke during shearing which
related to the joints with steep irregularities at higher relative normal stresses filled with
thin frictional fillings.
For no breakage of irregularities the shear strength of a clay-filled joint was
proposed as an extension of Patton’s (1966) model.



cu
  tanu  i 
1  tan i tan u

tan i  m tan io

(2.53)

(2.54)

where i is the peak dilation angle, cu is the undrained shear strength of the clay, ϕu is the
basic friction angle of the rock. m is an empirical reduction factor varying from 0 to 1
given as:
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(2.55)

2

For the irregularities break during shear the shear strength was given as:
S  mR  C   C

(2.56)

R   tan  f  i 

(2.57)

C  cu   tan u

(2.58)

where S is the shear strength of the infilled joint, R is the shear strength of the clean
joint, C is the shear strength of the infill and i is given as follows:



i  1   n  c 

1

4

tan i

(2.59)
o

σc is the compressive strength and io is the initial asperity angle. The latter model was
only defined for the following conditions.

30 o  io  45o and 0.1   n
c


  0.5


2.2.5.1.2.2 Papaliangas et al. (1993) model
Papaliangas et al. (1993) proposed a preliminary model for the shear behaviour of filled
discontinuities incorporating similar principles of the model proposed by Ladanyi &
Archambault (1977). They stated that the shear strength of a filled rock discontinuity
falls between two limits Tmax the maximum shear strength of the clean joint, and Tmin
the potential minimum shear strength of the system for a critical thickness of infill
which varies with the thickness and type of the infill, the roughness of the rock walls
and the normal stress. The potential minimum shear strength Tmin could be either the
shear strength of the infill, the shear strength along the interface, or anything in
between, depending on the thickness of the infill and roughness of the rock surfaces.
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For rough undulating joints, it is reasonable to assume Tmin equal to the shear strength of
the infill but for planar or smooth joints, Tmin could be equal to the shear strength along
the interface (which is often lower than the infill strength).The peak shear strength
model can be expressed in terms of percentages of stress ratios as follows:

   min   max   min n

(2.60)

where

  T    100

(2.61)

 max  Tmax   100

(2.62)

 min  Tmin    100

(2.63)

 1  t 
n  1   
 c  a 

(2.64)

m

for 0  t a  c

t is the mean thickness of the infill material, σn is normal stress, and a is the mean
roughness amplitude of the discontinuity. The constant c is defined as the critical t/a
ratio which the minimum shear strength has reached, and it depends upon the properties
of the filling material, the normal stress, and the joint surface roughness. For t/a = 0 (i.e.
no infill), the shear strength is equal to the strength of the clean joint, μ = μmax. For t/a >
c, μ should be taken as the minimum shear strength of the system (μmin).
Both these models calculate the shear strength contributions from the rock
interface and the infill material separately and predict the peaks shear strength of the
joint as a summation of those functions. The writer has extended the same concept on
developing the proposed shear strength model on infilled rock joints. Both of the above
models vary between defined maximum and minimum values which are shear strength
of the clean joint and the infill which is similar in the model proposed by the writer. The
use of Ladanyi & Archambault (1977) and Papaliangas et al. (1993) models are very
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limited as they only consider the effect of t/a and normal stress in their models. These
limitations are addressed in the model proposed in this study by accounting a wider
range of frictional and cohesive parameters of rock and infill when prediting the shear
strength.
2.2.5.1.3 Graphical model
Based on the results of infilled rock joints de Toledo & de Freitas (1993) proposed a
general model for shear strength versus thickness. They differentiated three sections in
the strength envelope based on the infill thickness as, interfering, interlocking, and noninterfering (Figure 2.35). Interlocking occurred when the rock surfaces come in contact,
interfering when there was no rock contact but the strength of the joint was greater than
the infill alone, and non-interfering when the joint behaves as the infill itself. The
interfering zone is likely to be dependent on the type of infill and some infills may not
show such a region. The boundary between interfering and non-interfering regions was
defined as the critical thickness and it was a function of infill material grain size,
asperity angle, and height. They observed that idealised saw-tooth joints tend to have a
higher critical thickness than tensile fractures, and so do small joints compared to big
ones, because the greater the displacement required for rock contact to occur, the easier
it is for the infill to achieve its peak strength before interference from the rock.
The writer has also identified two major zones in the shear strength envelope as
interfering and non-interfering zones. The interlocking zone is mostly combined with
the interfering zone and the boundary was not clear. The boundary of the interfering and
non-interfering zone, critical thickness, was well defined and it was observed to vary
with the properties of the infill material particularly with degree of infill saturation in
this study. As described by de Toledo & de Freitas (1993), Indraratna et al. 2005 and
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2008 have shown that this critical thickness is dependent on joint type and infill
properties such as overconsolidation ratio. Defining these boundaries is very important
to predict the shear strength as the shearing mechanisms vary in different zones.

Figure 2.35 Strength model for infilled joints (after de Toledo & de Freitas 1993)
2.2.5.2 Peak shear strength models under CNS conditions
2.2.5.2.1 Models based on shear strength drop due to infill
Indraratna & Haque (2000) extended their shear strength model on clean rock joints to
infilled joints with laboratory tests conducted under CNS conditions. They observed a
significant decrease of strength in infilled joints in comparison to clean rock joints.
They considered the variation of this drop in strength with the increasing infill thickness
and used it to model the strength of the infilled joint. The strength drop was normalised
with the applied normal stress as it was observed to be a function of the applied normal
stress. The normalised strength drop (NSD) showed a hyperbolic relationship and was
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expressed using the following algebraic function. Formulation of the hyperbolic model
for predicting the drop in peak shear stress due to infill is illustrated in Figure 2.36.

NSD 

t a 
 t a   

(2.65)

where NSD = (Δτ/σno), and α and β are constants depending on the initial normal stress
(σno) and surface roughness. The peak shear strength of an infilled joint under CNS
conditions can be calculated according to the following equation once the strength of
clean joint is known at a given initial normal stress for a particular joint profile.

 

p inf illed

  p clean   p

(2.66)

where  p   no  NSD
Equation (2.66) can be rewritten according to the strength of the clean joint proposed by
Indraratna & Haque (2000) as follows:

 

p inf illed


2hp
k a
  no  n  o  a1 cos
A 2
T


  tan b  tan i
 
  1  tan i tan ihp


t / a  
   
no 


   t / a    


(2.67)

where hτp and iτp = horizontal displacement and dilation angle corresponding to peak
shear stress, kn = normal stiffness, i = initial asperity angle, σno = initial normal stress, ϕb
= basic friction angle, A = joint surface area, ao and a1 = Fourier coefficients, T =
period, t/a = infill thickness to asperity height ratio, α and β = hyperbolic coefficients.
2.2.5.2.2 Models based on cumulative shear strength of rock interface and infill
material
2.2.5.2.2.1 Indraratna et al. (2005) model
Indraratna et al. (2005) carried out a similar kind of laboratory testing to Indraratna &
Haque (2000) with similar joints for different types of infill materials. They observed
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that the hyperbolic model proposed does not always give accurate results for some types
of infill such as graphite and the constants are too sensitive to the testing conditions.
Therefore they proposed a new conceptual model that followed a similar approach to
Papaliangas et al. (1993), which described the peak shear strength of the infilled joint in
terms of fractions of the shear strength of rock interface and the infill.

Figure 2.36 Formulation of hyperbolic model for the prediction of drop in peak shear
stress due to infill (after Indraratna & Haque 2000)
Figure 2.37 shows the conceptual development of the shear strength model of
infilled joints based on two algebraic functions A and B, the summation of which is
assumed to give the normalised shear strength (τ/σn) for t/a ratios of less than critical
value. Their model was proposed for three basic conditions depending on the thickness
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of the infill. For clean joints, the shear strength was proposed using well known Patton’s
(1966) equation. It is worthwhile noting that this model was developed for the idealised
geometry of joins where the initial asperity angle was conveniently used to describe the
joint profile. For t/a ratios that are less than the critical value, the shear strength was
given by the summation of the two algebraic functions described earlier. Function A
described the strength contribution of the rock interfaces and decreased with its
optimum clean joint strength to zero with increasing t/a ratio. Function B described the
strength contribution of the infill material and it increased from zero to infill strength
with increasing t/a ratio. Where t/a ratios are greater than the critical value, the strength
of the infill was fully governed by the infill material and the strength of the infill
material was calculated using the Mohr-Coulomb relationship. The model equations can
be summarised as follows:
For t/a = 0
(2.68)


 tan b  i 
n
For 0 < t/a < (t/a)cr



 A  B  tan  b  i 1  k   tan  fill
n

 2 

 
11 k 



(2.69)

For t/a > (t/a)cr


 tan  fill
n

(2.70)

where k = (t/a) / (t/a)cr, σn is the normal stress, ϕfill is the peak friction angle of infill, ϕb
is the basic friction angle and α and β are empirical constants defining the geometric
locus of the function A and B. The Authors have conveniently ignored the cohesion
intercept of the infill material and suggested that the term cj/σn must be added to the
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final model if a cohesive infill material is considered. The critical t/a ratio and the
parameters α and β were dependent on the joint geometry and the infill type. These
parameters need to be primarily obtained through laboratory testing prior to applications
of the model.
This conceptual model is further extended in this study to include the effect of
degree of infill saturation to the shear strength of joints. The proposed model identifies
two separate zones based on infill thickness similar to the above model and proposes
two set of equations for each zones. Indraratna et al. (2005) model does not capture the
cohesion of the infill material but this has been accounted in the model proposed .
A  tan(b  i )(1  k ) 
 2 
B  tan  fill  

 1  1/ k 

Interfering
t/a < (t/a)cr

where k = (t/a)/(t/a)

Fully interlocking
tan ( b+i)

Normalised shear strength τ / σn



Non-interfering
t/a > (t/a)cr

A+B

tan fill

A

B

0

(t/a)cr

(t/a) ratio

Figure 2.37 Conceptual normalised shear strength model for infilled rock joints
(modified from Indraratna et al., 2005)
2.2.5.2.2.2 Indraratna et al. (2008) model
Indraratna et al. (2008) extended the model proposed by Indraratna et al. (2005) for
overconsolidated infilled joints. Usually the infilled joints exposed to the surface are at
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overconsolidated state (Barton 1974), and therefore this kind of model will help to
better understand the actual field conditions. The Authors conducted a comprehensive
laboratory test series on overconsolidated infilled joints under triaxial conditions for a
silty clay infill, and observed that the critical t/a ratio was a function of the OCR. The
critical t/a ratio of an overconsolidated infilled joint was expressed as a function of the
critical t/a ratio of normally consolidated infilled joints and the OCR. Thus, for
convenience of modelling a ratio koc,n was introduced as:
k oc ,n 

t a oc ,n
t a cr ,n

(2.71)

where (t/a)cr,n is the critical t/a ratio of an infilled joint with an OCR of n, (t/a)oc,n is the
t/a ratio of a given infilled joint with an OCR of n. The zones of interfering and noninterfering was defined based on the ratio koc,n, where koc,n = 1 sets the boundary. The
proposed conceptual model is illustrated in Figure 2.38. Two sets of equations were
proposed separately for the interfering and non-interfering zones as follows.
For koc.n < 1 (interference zone);
 p
 '
n



2
a

 An  Bn  tan b  i   1  k ocn  n  tan  'fill  OCR   
 1  1 / k ocn
 oc ,n





bn

(2.72)

For koc.n > 1 (non-interference zone);
 p
 '

 n



 tan  'fill  OCR 

 oc ,n

(2.73)

Similar to the model of Indraratna et al. (2005), this model was also developed only for
idealised saw-tooth joints and its applicability to real joints with irregular geometry was
not considered. The Authors have extended Indraratna et al. (2005) model to capture
one infill property which is overconsolidation ratio. The effect of degree of infill
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saturation is studies in this study. The Authors have identified the critical t/a varies with
the overconsolidation ratio in a logarithmic scale when the OCR is increased from 1 to
8. The variation of the critical t/a with the degree of infill saturation is studied through
the laboratory investigation.
2.2.5.2.3 Shear-displacement criterion for infilled rock joints
The conceptual models proposed earlier by Indraratna et al. (2005), and later extended
by Indraratna et al. (2008), predict the peak shear behaviour of an infilled joint. These
peak shear stress models do not fully describe the shear displacement behaviour.
Therefore Indraratna et al. (2010a) proposed a shear displacement criterion which
describes the full stress-strain relationship of an infilled joint. They also used the
concept of percentage contribution of the rock interface and the infill material described
by Papaliangas et al. (1993). The shear stress of an infilled joint was assumed to be the
sum of two algebraic functions A and B.

   n A  B

(2.74)

where τ is the effective shear stress, σn is the effective normal stress, A is a function of
the shear strength related to the joint surface component, and B is a function of the shear
strength related to the infill material.
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Figure 2.38 Shear strength model for overconsolidated infilled joints (after Indraratna et
al. (2008)
The functions A and B were defined based on the shearing mechanism of the
joint. The infill squeezing concept proposed by de Toledo & de Freitas (1993) was
adopted and a parameter η was introduced which describes the ratio of the sliding
surface in contact with the rock asperity to the total length of sliding surface. The
functions A and B were defined as follows:
A  tan b  i r  

(2.75)

B  tan  fill  i fill  1   

(2.76)

where ir is the asperity angle at the tip, and ifill is the slope angle of the sliding surface
within the infill. The function A was modified to capture the energy balance principles
as proposed by Seidel & Haberfield (1995).

 tanb   tanio  
A

1  tanb  tani  

(2.77)

The failure criterion for the infilled joint was given as:
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K 

    no  n v
A



  tan b   tan io  
 
   tan  fill  i  1   
 1  tan  b  tan i  


(2.78)

where σno is initial normal stress, Kn is normal stiffness, δv is dilation, Aj is the area of
the joint and i is dilation angle.
Indraratna et al. (2010b) noted that the model proposed earlier did not describe
the post-peak behaviour of clean joints in cases of pronounced asperity degradation very
well, so they modified the original squeezing factor and introduced an asperity
interference and degradation function. The modified soil-infilled joint model can be
expressed as:
 tan  b   tan id 

   n 
  1     tan  r    
 1  tan b  tan i  


(2.79)

where


u s  JRC

  exp 
 100  c1  a  t / a  

(2.80)

 u s  u peak 2  JRC 
i
id  io  i  exp 
2




100

c

a
2



(2.81)

u peak 

a
 noc3
tan io 

(2.82)

In the above, c1 and c2 are empirical constants which control the rate of infill squeezing
and asperity degradation respectively, c3 is a fitting constant, and a is the asperity
amplitude. The dilation angle id increases with shear displacement from the dilation
angle i up to the initial asperity angle io, simulating the onset of asperity interference.
Beyond the peak shear displacement, id decreases simulating asperity degradation.
Squeezing factor at peak shear strength with varying initial t/a ratio is shown at Figure
2.39.
Chapter 2 – Literature Review

85

Figure 2.39 Squeezing factor at peak shear strength with varying initial t/a ratio (after
Indraratna et al. 2010a)
2.2.5.2.4 Sinha & Singh (2000)
Sinha & Singh (2000) presented a testing technique for rock joints filled with gouge of
various thickness (t = 5-30 mm), dip angle (β = 5-50o) and at strain rate ( 5-80 mm/h) in
a triaxial system. They reported test results of unconsolidated undrained tests carried out
in triaxial conditions both for undulating planar types of joints filled with gouge. The
gouge was initially saturated before testing and the variation of the pore pressure was
also observed. Figure 2.40 and Figure 2.41prsents the variation of deviator stress and
pore pressure behaviour with axial strain for the undulating joints.
They observed that the failure pattern of an undulating (rough) joint filled with
gouge was not found to follow the plane inclined at the joint, i.e. the dip angle. The
filled joint showed deformation and bulging with a not well defined failure plane in the
case of the undulating surface and necessitated a modification in the dip angle. The
failure of a joint filled with gouge in the case of the planar profile, i.e. a smooth joint,
showed the failure exactly through the pre-determined failure plane, i.e. the dip angle.
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The authors presented a model to calculate the magnitude of the shear stress and
effective normal stress incorporating the modified dip angle (βm). The proposed
equations are expressed as follows:

 m  



'
n ( m 

1  3
 sin 2
2

(2.83)

 1'   3'  1   3


 cos 2 m 
2
2

(2.84)

  m  
 'j m   tan 1  ' 
  n m  

(2.85)

where, τm is the modified shear stress, σ’n(m) is the modified normal stress, β(m) is the
modified dip angle, Lo is the original length of test specimen with gouge, Do is the
original diameter of test specimen, Lf is the final length of test specimen as recorded; β
is the dip angle (original), t is the final thickness of gouge material, and
 pt

 m   tan 1 
 Df 
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Figure 2.40 Deviator stress vs. axial strain plot for undulating joints (after Sinha &
Singh, 2000)

Figure 2.41 Pore water pressure vs. axial strain plot for undulating joints (after Sinha &
Singh, 2000)
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2.2.5.2.5 Hatzor & Levin (1997)
Hatzor & Levin (1997) conducted a study to evaluate the failure of a slope in a
phosphate mine in Israel by shear-sliding along a clay-filled bedding plane in limestone.
They could not explain the failure by laboratory measure values of the shear strength
parameters. In order to simulate the field conditions, they carried out a detailed
experimental program under direct shear and triaxial conditions for infilled joints.
Cylindrical cores with an inclined saw-cut discontinuity were filled with remoulded
montmonorillonite. The initial consolidated drained (CD) direct shear tests of the claylimestone contact were performed under normal stress values similar to the current
vertical in-situ stress conditions. Those results suggested that the available shear
strength was greater than mobilised shear stress at time of failure. Since the block slide
over during the direct shear tests, triaxial tests were used as an alternative method in
order to evaluate the shear strength in the laboratory.
Two solid cylinders of 54 mm diameter were prepared from the phospatic
limestone for triaxial testing and they were saw-cut at an angle of 40o with respect to
their axis. The saw cut surfaces was polished and then filled with moist, remoulded clay
obtained from a bedding pane in the field. The experimental results obtained under
different confining pressures are illustrated in Figure 2.42.
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Figure 2.42 Laboratory results of multi-stage triaxial tests on inclined, clay-infilled
discontinuities subjected to two confining pressures (after Hazton & Levin, 1997)
2.3
2.3.1

Review of unsaturated soil mechanics
Introduction

Soils are often found in nature in both saturated and unsaturated states. In this instance,
the soil voids can be either filled with water or may also contain other fluids such as air.
In general, an unsaturated soil element is commonly defined as having three phases,
namely, solids, water, and air. The existence of these three phases (solids, water and air)
play an important role in the mechanical behaviour of the soil which is more complex
because Terzaghi‘s law of effective stress cannot be applied. In fact, given the added
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difficulty in extending the classical soil mechanics for unsaturated conditions, often
unsaturated soil problems are still treated as in fully saturated condition in engineering
practice.

2.3.2

Different phases in an unsaturated soil

An unsaturated soil is commonly described as a three phase system with air, water, and
solids. Some researchers, including Fredlund et al. (2012), have emphasised the
importance of the air-water interface and referred to it as an additional phase. Figure
2.43a shows the elements of an unsaturated soil with a continuous air phase. A
simplified three phase diagram of an unsaturated soil is given in Figure 2.43b, showing
the mass volume relationships.

(a)

(b)

Figure 2.43 (a) An element of unsaturated soil with a continuous air phase, (b)
Simplified three phase diagram of an unsaturated soil system
2.3.3

Stress state variables

The mechanical behaviour of a soil can be described using the state of stress in the soil.
The state of stress in a soil consists of certain combinations of stress variables that can
be referred to as stress state variables (Fredlund & Rahardjo 1993). The stress state
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variable of a saturated soil is described with the effective stress concept proposed by
Terzagi (1936). The effective stress concept has been well accepted and practised for
saturated soils. Numerous attempts have been made to develop a similar concept for
unsaturated soils but due to its more complex behaviour, it has been more difficult to
find an agreement on a description of the stress state. Due to the presence of three
phases in an unsaturated system, the use of a single stress state variable has encountered
many difficulties and many researchers have suggested using at least two stress state
variables. These stress state variables should be expressed in terms of measurable
stresses, such as total stress, the pore water pressure, and pore-air pressure. Three stress
state variables have been identified on unsaturated soils, effective stress (σ - uw), net
normal stress (σ - ua), and matric suction (ua - uw). Of these three variables the net
normal stress and matric suction are the two most commonly used variables to describe
the mechanical behaviour (Fredlund et al. 1978). Including the above, there can be three
possible combinations of stress state variables that can be used to describe the behaviour
of an unsaturated soil. These combinations are tabulated in Table 2.2. The combination
of net normal stress and matric suction is advantageous because the effects of a change
in total normal stress can be separated from the effects caused by a change in the porewater pressure. In addition, the pore-air pressure is atmospheric for most practical
engineering problems.
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Table 2.2 Possible combinations of stress state variables for an unsaturated soil
Reference Pressure Stress State Variables

2.3.4

Air, ua

(σ - ua) and (ua - uw)

Water, uw

(σ - uw) and (ua - uw)

Total, σ

(σ - ua) and (σ - uw)

Shear strength theory

The shear strength of a saturated soil is commonly expressed using the Mohr-Coulomb
criterion proposed by Terzagi (1936). Bishop et al. (1960) proposed a shear strength
equation for unsaturated conditions by extending Terzagi’s principle of effective stress
for saturated soils. Their equation can be expressed as follows:

  c' n  u a  tan  'u a  u w  tan  '

(2.87)

where τ is the shear strength, c’ is the effective cohesion intercept, ϕ’ is the effective
angle of internal friction, (σn – ua) is the net normal stress, (ua – uw) is the matric suction,
and χ is a parameter dependent on the degree of saturation. The value of χ was assumed
to vary from 0 to 1, corresponding to dry and saturated states. Difficulties associated
with the quantification of the parameter χ both theoretically and experimentally have
been detrimental to its use although more recently Khallili & Khabbaz (1998) suggested
the parameter χ in Equation 2.72 to be expressed as follows.
 u a  u w  f 
 

 u a  u w b 

0.55

(2.88)

where (ua - uw)f is matric suction in the specimen at failure and (ua - uw)b is the air entry
value.
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Fredlund et al. (1978) proposed a shear strength criterion based on the
consideration of independent stress variables, as follows.

  c '   n u a  tan  '  u a  u w  tan  b

(2.89)

where τ is the shear strength, c’ is the effective cohesion intercept, σn is the total normal
stress, ϕ’ is the effective angle of internal friction at the saturated state, and ϕb is the
angle indicating the rate of increase in shear strength relative to the matric suction.
Furthermore, Fredlund et al. (1996) noticed that there is a non-linear relationship
between the shear strength and the hydraulic properties expressed by the soil water
characteristic curve. Therefore, Equation 2.74 may be rewritten as follows.

  c' n  u a  tan  'u a  u w  u a  u w k tan  '

(2.90)

where k is a fitting parameter used for obtaining a best fit between the measured and
predicted values, and Θ is normalised water content. Vanapalli et al. (1996) extended
the above equation for predicting the shear strength without using the fitting parameter
k. They proposed a set of equations in terms of volumetric water content and degree of
saturation of the soil.

 S  S r , res  
  c '  n  ua  tan  '  ua  uw   tan  '   r
 
100

S

r
,
res

 

(2.91)

where θ is the volumetric water and Sr is degree of saturation. The subscripts and res
denotes the saturated and residual conditions respectively.
2.3.5

Laboratory testing of unsaturated soil

Conventional direct shear and triaxial apparatus require modifications before being used
to test unsaturated soils. There are different methods that can be implemented in
conventional testing apparatus to measure and control suction, among others, vapour
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equilibrium, osmotic suction and axis translation techniques. The axis translation
technique is perhaps one of the most common and for that reason in described in more
detail in the following sections.
2.3.5.1 Axis-Translation technique
Direct measurements of pore water pressure are usually taken relative to the
atmospheric air pressure conditions. In contrast, the axis translation technique suction is
imposed to the soil by raising the air pressure, while pore water pressure is either kept at
atmospheric conditions or at a predetermined value. At any given time, suction can be
obtained by the difference between air and water pressures or (ua-uw). as discussed in
Bishop & Blight (1963). A ceramic disk with an air entry value greater than the matric
suction applied to the soil prevents air from entering the water compartment in the test
apparatus. This method is usually applied to a range of different apparatus, such as
triaxial systems, pressure plate extractor apparatus.
Axis- Translation technique was originally proposed by Hilf (1956), and has
been widely used by many researchers as a successful technique of controlling suction.
Even though it has been widely used, a number of researchers including Fredlund et al.
(2012), Baker & Frydman (2009), Delage et al. (2008) have pointed out various
limitations of the technique. Bocking & Fredlund (1980) presented a detailed study on
the limitations of the axis translations technique. The basic limitation of the method is
that it prevents cavitation of the soil water by transferring uw to the positive range, thus
modifying the behaviour of soil (Baker & Frydman, 2009). Therefore, such a system
would require a continuous water and air phases to successfully maintain the suction.
Since the technique will modify the behaviour of soil, natural conditions of the soil is
not represented anymore due to the gas potential.
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The problem of air diffusing through the high air entry disk is a commonly
observed limitation of the axis translation technique. Bocking & Fredlund (1980), and
Fredlund et al. (2012) have discussed about this limitation and the measures to
overcome its effect on laboratory testing. The diffusion of air through porous ceramic
disks imposes a practical limit on the length of the time that should be taken to run a
test. Therefore, the rate of air diffusion should be measured for each axis translation
apparatus. It is also important for such apparatus to have a system to flush air bubbles
from below the high air entry ceramic disk in order to keep the compartment above the
transducer saturated with water.
2.3.5.2 Triaxial tests
The unsaturated triaxial tests show some similarities to the saturated triaxial tests, even
though the test apparatus and some of the theories involved were different. The
conventional triaxial apparatus must also be modified in accordance with the special
design considerations of unsaturated soil. The use of a high air entry ceramic disk with
the proper air entry value is very important and saturating the disk must be done
carefully. Different triaxial test procedures are used to test unsaturated soil, depending
on the drainage conditions of the test. Usually two types of drainage conditions are
adhered to in triaxial testing, initial during consolidation and then during testing.
The shear strength of the soil and the infill material was studied by undrained
triaxial testing maintaining constant water content conditions. The soil specimen is
tested at its initial water content or matric suction adopting a similar procedure to a
saturated undrained test. During the test the pore-air and pore-water phases are
maintained at an undrained condition by keeping the drainage valves closed. Changes in
pore-air and pore-water occur through the shearing process, but they are generally not
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measured. Since the rate of change of the pore pressures is unknown, the test results are
commonly presented as a total stress analysis. Conventional triaxial equipment without
any further modifications can be used to carry out undrained testing of unsaturated soils.
The porous disks are usually replaced by metal or plastic disks on the top and bottom of
the specimen. Undrained tests are carried out under a strain rate of 0.017 – 0.03 % per
second as recommended by Fredlund & Rahardjo (1993).
Rahardjo et al. (2004) carried out a series of consolidated drained (CD) and
constant water content (CW) tests on a modified triaxial apparatus to observe the shear
behaviour of a residual soil. They used a 5 bar air-entry ceramic disc during their tests
which allowed a control of matric suction up to 500 kPa. Matric suctions were
controlled at five levels during the CD tests to observe the effect of the matric suction to
the shear behaviour. Axis translation technique has successfully used to control the
matric suction values during the tests. Figure 2.44 shows the modified triaxial apparatus
used for the controlled suction tests using axis translation technique.
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Figure 2.44. Modified triaxial apparatus for testing unsaturated soil (after Fredlund &
Rahardjo, 1993)
2.3.6

Direct shear test

A direct shear test on unsaturated soil is usually performed in a consolidated drained
nature. As with the triaxial apparatus, the conventional direct shear box must also be
modified to cater for the needs of unsaturated testing. A modified direct shear apparatus
is shown in Figure 2.45. The soil specimen is first consolidated to the required pore-air
and pore-water pressures and then shearing is carried out under similar conditions to the
consolidated drained tests explained earlier for the triaxial apparatus. A similar
apparatus has been used by Tarantino & Mongiovi (2005) and Tombolato et al. (2010)
with different modifications to carry out shear testing of unsaturated soils with
controlled matric suction.
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Figure 2.45 Modified direct shear apparatus for testing unsaturated soils (after Gan et al.
1988)
2.3.7

Soil-water characteristic curve (SWCC)

The SWCC provides a relationship between the mass of water and the suction of a soil
and provides an understanding of the texture, gradation, and void ratio of the soil. The
use of SWCC in testing and modelling unsaturated soil has been increasingly accepted
due to its simplicity and reduction in the time required for laboratory testing. SWCC
have given a practical and sufficiently accurate tool for estimating the properties of
unsaturated soil which is suitable for most applications. Many researchers including
Vanapalli et al. (1996) showed that SWCC can be successfully used to estimate shear
strength of unsaturated soils without the need of time consuming unsaturated soil
testing. These developments have enabled the use of unsaturated soil testing using
conventional direct shear and triaxial apparatus without the need of costly
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modifications. Thus, the development of SWCC has become one of the most important
aspects when dealing with unsaturated soil problems.
2.3.7.1 Analytical models on SWCC
Many models have been proposed to represent the soil retention data by regression
analysis of laboratory data. Some of the key models proposed are described in the
following sections.
van Genuchten (1980) proposed a set of equations based on different studies
proposed on hydraulic conductivity. His model agreed quite well with the laboratory
data for different materials, and it is one of the models most widely used to model
SWCC currently. The model can be expressed as follows:


1

n 
1   s  

m

(2.92)

where Θ is the dimensionless water content, s is the matric suction, and α, n, and m are
empirical parameters. The dimensionless water content is given by:



 r
s r

(2.93)

In the above, θ is the water content of the soil and the subscripts s and r indicates
saturated and residual values respectively. The empirical parameters m and n are found
to be inter-dependent and were found by the relationship below.
m  1

1
n

(2.94)

Fredlund & Xing (1994) developed a general relationship for SWCC based on
the pore-size distribution of the soil. If the pore-size distribution of a soil can be

Chapter 2 – Literature Review

100

obtained or predicted, then the soil-water characteristic curve is uniquely determined
from the proposed equation which is given below:

w   C  

(2.95)

ws

lne  

a

n



m

where a, n, and m are fitting parameters, ψ is matric suction, w is water content, and
C(ψ) is a correction function of suction corresponding to residual water content, which
is given as:

C   

 ln1    r 
1
ln1  1,000,000  r 

(2.96)

Pereira & Fredlund (2000) proposed another model following a similar approach
to van Genuchten (1980).

w   wr 

(2.97)

ws  wr

1  



n m

a

where w is the water content, ψ is matric suction, a, n, and m are fitting parameters and
the subscripts s and r indicates saturated and residual values respectively.
2.3.7.2 Measurement of SWCC in laboratory
2.3.7.2.1 Pressure plate apparatus
Pressure plate apparatus has been the most common and the widely used apparatus to
determine the SWCC of unsaturated soils. The axis-translation technique described
earlier is practised in the pressure plate apparatus to apply a matric suction and the
maximum value of the applied suction is limited to the air entry value of the high air
entry ceramic disks present in the apparatus. This value is usually 1500 kPa for most
high air entry disks available in pressure plate apparatus but ceramic disks with lower
values such as 500 kPa are available. Pressure plate apparatus is typically used for finer
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soils which retain water more tightly. The general setup of a pressure plate apparatus is
shown in Figure 2.46.

Figure 2.46 General setup of a pressure plate apparatus (after Fredlund et al., 2012)
The high air entry ceramic disk is initially saturated prior to testing. The soil is
prepared in retaining cells to a required density and saturated using techniques such as
inundation. After saturating the soil samples, they are weighed and placed inside the
pressure chamber of the apparatus. The pore water pressure is maintained at
atmospheric pressure, and the pore air pressure is increased to apply suction via the axis
translation principle. The applied matric suction causes water to flow from the specimen
until an equilibrium water content corresponding to the applied suction is reached. This
state of equilibrium is usually observed through the air-water interface of the burette
attached to the water compartment of the pressure chamber. Once a state of equilibrium
is established (typically after seven days or when the air-water interface changed less
than 1 ml over a period of 48 hours), the pressure chamber is opened and the specimens
and their retaining rings were weighed to determine the corresponding water content.
The specimens were then placed back onto the porous plate and the next increment of
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suction was applied by increasing the air pressure. This process is continued until the
required matric suction is reached.
2.3.7.2.2 Hanging column apparatus
This method is best suited for measuring suction in the range from 0 to 80 kPa. It is
typically used for coarse soils with little fines that drain radically. Figure 2.47 shows a
schematic diagram of a typical hanging column apparatus. Matric suction is applied by
reducing the pore water pressure while maintaining the pore air pressure at the
atmospheric condition. An initially saturated sample is used which is placed in contact
with a saturated ceramic disk.
2.3.7.2.3 Chilled mirror hygrometer
For matric suction values exceeding the air entry values of the pressure plate ceramic
disks, alternative techniques such as the chilled mirror hygrometer can be used. This
equipment yields the soil-water characteristic curve in terms of total suction. In contrast
to the other methods, the matric suction is measured directly in this apparatus while
others measure the water content of the soil. Usually this method is used to determine
only that portion of the soil-water characteristic curve which corresponds to suctions
that are typically more than 1000 kPa. This apparatus measures the total suction of the
soil, the osmotic component of total suction is generally small, and in the range of
measurements concerned, the matric and total suctions are comparable. The chilled
mirror hygrometer consists of a sealed chamber with a fan, a mirror, a photoelectric cell,
and an infrared thermometer (Figure 2.48). In this case the infill material is placed into a
40mm diameter plastic container which is then placed onto a tray and inserted into a
temperature controlled chamber where the infill material reaches equilibrium inside the
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chamber in a matter of minutes. The temperature inside the chamber is reduced until the
material reaches its dew point, at which time the chil
chilled
led mirror hygrometer computes
the total suction based on the vapour pressures and temperature inside the chamber
using Kelvin’s equation. Prior to measuring the suction the device was calibrated using
a solution of 0.5 M KCL provided by the manufacturer ((Decagon
Decagon Devices).

Figure 2.47 A schematic diagram of a hanging column apparatus (after ASTM, 2008)

Figure 2.48 A schematic diagram of a chilled mirror hygrometer (Decagon Devices
Inc.)
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2.3.7.2.4 Centrifuge
The centrifuge method is suitable for measuring the suction of coarser soils in the range
of 0 to 120 kPa where an acceptable amount of water can be extracted by suction. A
saturated soil specimen contained in a support chamber is subjected to centrifugal force
in a centrifuge. Different matric suctions are applied by varying the angular velocity of
the centrifuge. Water displaced from the soil at a given angular velocity is collected and
measured in a calibrated cylinder at the base of the support chamber (ASTM 2008). The
soil-water characteristic curve is developed by applying different matric suctions, and
by changing the angular velocities and measuring the volume of water displaced from
the soil at each velocity.
The methods described earlier must be used in combination to determine the full
range of the soil-water characteristic curve as none of the equipment can cover the full
range of matric suction measurements. The hanging column and the centrifuge can be
used to define the soil-water characteristic curve at lower suctions and the pressure plate
can be used for intermediate water contents and suctions, while the chilled mirror
hygrometer can be used for higher suctions.
2.3.7.3 Parameters affecting the SWCC
2.3.7.3.1 Void Ratio
The effect of void ratio on the SWCC was studied in detail by Kawai et al. (2000). They
used a silty-clay soil and the soil was tested on an oedometer apparatus modified for
unsaturated soil. Suction was applied using the pressure plate method. As the suction
increases, pore water tends to migrate and when the value reaches the air entry value

Chapter 2 – Literature Review

105

(AEV) bulk water begins to drain away. The larger the bulk pore sizes, the smaller the
AEV. The AEV is thought to be in inverse proportion to the log of void ratio of the soil.
Figure 2.49 shows the variation of AEV with void ratio. The AEV is an important
parameter for partially saturated soils since the degree of saturation starts to drop
rapidly when the suction exceeds the AEV (Zhou et al, 2005).

Figure 2.49 Relationship between void ration and air-entry value (after Kawai et al.,
2000)
2.3.7.3.2 Soil type and mineralogy
Miller et al. (2002) carried out a series of tests to investigate the effect of soil type on
the soil water characteristic curve. Three soil types were used in the study which was
obtained from landfills located in south Michigan. The soils had plasticity index of 60,
17 and 7 respectively. Figure 2.50 shows the SWCC obtained for each soil with the
corresponding Van Genuchten fit. It can be clearly observed that the SWCC is directly
affected by the type of the soil. The order of the curves is also indicative of the clay
fraction present in each soil sample. Increased clay content generally leads to an
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increase in the amount of water retained at a certain suction. The soils 3, 2, and 1 in
Figure 2.50 retained approximately 44, 36, and 18.5% water, respectively, at a suction
of 500 kPa.

Figure 2.50 Variation of SWCC behaviour due to soil type (after Miller et al., 2002)
2.3.7.3.3 Temperature
The effect of temperature on the soil water characteristic curve was studies by Ye et al.
(2009). They carried out laboratory tests under different constraint conditions to obtain
the SWCCs of highly compacted confined/unconfined Gaomiaozi (GMZ) bentonite at
20, 40, and 80 oC, respectively. The laboratory results indicated that the water retention
capacity of the highly compacted GMZ bentonite decreases as the temperature increases
under unconfined and confined conditions (Figure 2.51). At a certain temperature, the
constraint conditions have little influence on the water retention capacity of the
compacted bentonite at high suction, but the water retention capacity of the confined
specimen is lower than that of the unconfined specimen at low suction.
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Figure 2.51 Comparison of SWCCs in unconfined/confined wetting paths at different
temperatures (after Ye et al., 2009)
2.3.7.3.4 Grain size distribution
SWCC can be significantly affected by the grain size distribution of soil. Various
studies carried out by researchers including Arya & Paris (1981), Arya et al. (1999),
Tyler & Wheatcraft (1989), Fredlund et al. (1997) have shown the importance of the
grain size distribution to the SWCC and they have also proposed methods to predict the
SWCC using the grain size distribution of the material. Most of these methods were
physico-empirical models. Fredlund et al. (2002) carried out another study to present a
new approach to the physico-empirical type model originally presented by Arya & Paris
(1981). Experimental SWCCs for similar-sized glass beads were used as one of the
reference benchmarks. It was assumed that the shape of the SWCC for glass beads was
representative of the shape of the SWCC for uniform coarse particles. The SWCC for
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very fine material was estimated from the results of soil with increasing clay content.
The glass beads and the clay soil results provided limiting values for groups of soils
consisting of uniformly sized particles (Figure 2.52).

Figure 2.52 variation of SWCC according to paricle-size distribution (after Fredlund et
al, 2002)
2.3.7.4 Hysteresis
The soil water characteristic curve or water retention behaviour depends on whether the
soil is being dried or wetted. For a given soil, there could be two paths of SWCC
identified. One could obtain from the drying of specimen during the testing procedure
and the other could be obtained by wetting the specimen. Usually the wetting curve
plots below the drying curve (Figure 2.53). This difference has often been explained by
the “ink-bottle” effect (i.e. Pham et al., 2005) which is related to the existence of large
pores connected through smaller pores. Higher values of suction must be exceeded to
extract water from these small pores and therefore at a given suction during drying, some
water may be trapped in the larger pores. This effect is important during drying of the
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specimen, but it has a less significance on wetting. Any differences between the drying and
wetting curves at zero suction can be attributed to air being entrapped during the wetting
process. Other explanations of hysteresis include the effects of different contract angles
obtained when the meniscus is advancing or retreating, and the effect of chemical
swelling/shrinking of soil minerals due to the presence of water.
Fredlund et al. (2012) stated the importance of differentiating the soil properties
associated with the drying curve from those associated with the wetting curve. They also
stated that, when estimating the soil property functions, it might also be appropriate in some
cases to use an average SWCC (i.e., between the drying and wetting SWCCs). In Figure

2.53, one can observe that an infinite number of drying and wetting curves can be defined
for subsequent cycles of wetting and drying. Note that the hysteresis amplitude is
progressively decreasing for an increasing number of drying and wetting cycles.

Figure 2.53 SWCC hysteresis (after Pham et al., 2005)
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2.3.8

Existing studies on infilled rock joints related to unsaturated infill

2.3.8.1 Khosravi et al. (2013)
Khosravi et al. (2013) presented an important study on the hydro-mechanical behaviour
of infilled rock joints with fill materials in unsaturated conditions. Through their study
they have conducted a detailed review of the existing infilled rock joint models and the
limitations of the existing models. They have stated the importance of focusing on the
factors such as degree of infill saturation and infill suction and studying their effects on
the shear behaviour of infilled rock joints.
The effective normal stress is an important parameter that has a direct impact on
the shear strength of infilled joints. For the definition of effective stress in saturated
soils, the soil system is usually considered as an equivalent continuum medium and the
effective stress is defined using Terzaghi’s (1936) effective stress relationship as σ = σ ′
– uw. However, describing the effective stress in unsaturated soil requires not only the
use of a continuum based solid mechanics approach but also consideration of the
thermodynamic properties of the pore water in terms of soil suction, material variables
such as grain size and grain size distribution, state variables such as the degree of
saturation, and inter-particle forces arising from matric suction (Khosravi et al., 2013).
They have proposed using the Bishop’s equation to calculate the stresses related to
partially saturated soils while the Freduland’s equations has been used in this thesis.
2.3.8.2 Zandarin et al. (2011)
Zandarin et al. (2011) proposed a study on the influence of suction on the mechanical
behaviour of rock joints. During their study, they modified a direct shear equipment for
testing rock joints with suction control. Modification included a vapour forced
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convection circuit connected to the air chamber of shear cell for controlling relative
humidity during testing.
They have tested clean rock joints prepared from the “Lilla claystone” with
different asperity roughness angle varying from 0 0 to 450. The specimens were initially
allowed to an equalisation process with a desiccator having a solution of known
concentration at a constant temperature of 200. Once the specimens reached the
equalisation they were subjected to shearing in the shear box. Net normal stresses of 30,
60, and 150 kPa were used in the testing program with a shearing rate of 0.05 mm/min.
The results obtained from the testing program are illustrated in Figure 2.54. The value
of suction applied has affected the peak and residual shear strength. The greater the
suction was the greater the values of peak shear strength were obtained. However, the
effect of suction on the residual strength has not seen clearly. Because residual strength
is not only depends on the suction, but it also depends on the degradation of the
asperities. And degradation of asperities is influenced not only by suction but also by
the irregular matedness due to effects of joint construction and by heterogeneity of the
rock (Zandarin et al., 2011).
They expressed the shear strength of the joint in terms of two parameter
hyperbolic failure surface expressed as follows:



F   2  c 0'   '   ' tan  0'



2

(2.98)

where, τ is the shear stress, c0’ is the initial effective cohesion, σ’ is the net normal
stress, and tan ϕ0’ the tangent of initial effective angle of internal friction. The
parameters c0’ and tan ϕ0’ define an envelope curve and the envelope curve for each test
was obtained by plotting the maximum shear stress measured against net normal stress.
The mathematical expression proposed for c0’ is given below:
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c0'  , a   c0  c1   b0 b1   1  e b2 tan  a



(2.99)

where, c’0(ψ,αa) is the effective initial cohesion, ψ is the total suction, c0 is cohesion for
ψ= 0 and αa = 00, c1 is slope of c’0 vs. suction line for αa = 00, b0 is average value of c0
for αa = 150–450, b1 is the parameter of the model that control the increment of cohesion
with ψ for αa = 150–450, and b2 is parameter of the model.

Figure 2.54 Experimental results for the joint with asperity roughness angle of 150 (after
Zandarin et al., 2011)
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CHAPTER THREE
3 LABORATORY INVESTIGATION
3.1

Introduction

The behaviour of partially saturated infilled joints and the associated implication on
the shear strength have not been studied earlier. Most properties of infill have been
studied individually by different researchers, but the effect of infill saturation has
been neglected due to complications in laboratory testing and the involvement of
complex theories. This laboratory investigation mainly focuses on the effect of
partial saturation or the degree of infill saturation on the shear behaviour of rock
joints with varying infill thickness. A comprehensive triaxial testing program was
conducted under condition of constant moisture content on idealised joints (sawtoothed and planar), and on imprinted natural joints with a dip angle of 60 o. The high
pressure two phase triaxial apparatus (HPTPTA) developed at the University of
Wollongong was modified to meet the needs of this study.
This study was carried out in two main phases; in the first phase, idealised
saw-toothed joints with an initial asperity angle of 18o were tested for reasons of
simplicity and reproducibility. Although they do not perfectly represent natural
profiles, saw-toothed or wavy type joint profiles still provide a simplified basis for
understanding joint behaviour. Once the basic behaviour of the saw-toothed joints
was analysed, testing was extended on to natural joint profiles in the second phase of
study. These natural joint profiles were characterised by the Joint Roughness
Coefficient (JRC) proposed by Barton & Choubey (1977), and the profiles ranged in
JRC from 10-12. The triaxial tests were conducted on an array of confining
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pressures, infill thicknesses, and degrees of saturation of the infill for both types of
joints. A silty-clay with a 25% and 75% of silt and clay respectively, was used as the
infill material.
3.2
3.2.1

Sample Preparation
Selection of model material

Calibrating any joint shear strength model requires a series of identical joint
specimens, which obviously restricts the use of real joint surfaces. Therefore, for
reasons of reproducibility, a proper model material which conveniently simulates
similar types of rock in the field must be selected. Many researchers have proposed
the use of different materials to cast model rock joints, including Indraratna (1990)
who proposed using hydrated gypsum cement (CaSO4.H2O hemihydrates, 98%) to
model soft sedimentary rocks. This material is readily available, relatively
inexpensive, it can be moulded into any shape when mixed with water, and its long
term strength is independent of time once chemical hydration is complete.
Moreover, the properties of the material depend on the ratio of the gypsum cement
and the water used to mix it. The initial setting time of plaster mixed to water in a
ratio of 7:2 by weight, was about 30 minutes. After being removed from the mould,
the plaster specimens were cured for two weeks in an oven at a controlled
temperature of 40o – 45oC. A consistent unconfined compressive strength (σc) of 6570 MPa and a Young’s modulus (E) of 18-20 GPa was obtained after the curing
period. A comprehensive evaluation of the gypsum plaster rock based on
dimensionless strength factors is given elsewhere by Indraratna (1990).
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3.2.2

Preparation of idealised saw-tooth and planar joints

Profiles of an idealised saw-tooth joint with a dip angle of 60o, an asperity angle of
18o, and 2mm high asperities was selected for repetitive tests. A special mould and
the joint profile (Figure 3.1) was fabricated using acetal plastic which can be
machined to any desired shape (Indraratna & Jayanathan 2005). The top and bottom
profiles of the specimen were fabricated separately to ensure that the joint was fully
mated after assembly. The joint profiles were placed in their respective moulds
(Figure 3.1 a) and a silicon based lubricant was applied over the surface of the joint
to prevent gypsum plaster from adhering to the plastic. Gypsum cement was then
mixed with water in a ratio of 7:2 by weight and stirred until it became a uniform
mixture. It was important to ensure the uniformity of the mixture in order to maintain
the same material properties throughout the specimens. This uniform mixture was
then poured into the mould which was then vibrated mildly to release any air bubbles
trapped in the mixture. Air bubbles can result in small cavities in the specimens
which can cause a reduction in strength. The setup was allowed to harden for about
30 minutes and then the specimen (Figure 3.1 b) was removed and cured in an oven
at a controlled temperature of 40o- 45o C for two weeks. The planar joint profiles
were cast in a similar manner using a mould with a planar surface. The sample was
54mm in diameter and when the specimens were fully mated their overall length was
110 mm which maintained a height to diameter ratio of 2.0. Preliminary triaxial tests
carried out by Jayanathan (2007) on unfilled idealised joints indicated that for the
similar stress conditions used in this study, dip angles less than 60 o were generally
not conducive to initiating sliding along the joint plane.
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(a)

(b)
Figure 3.1 (a) The mould and (b) Simulated joint surface profile of the idealised saw
toothed joint

3.2.3

Preparation of replicated natural joint specimens

Sandstone rock samples obtained from a rockslide at Kangaroo Valley, NSW,
Australia, with a joint surface JRC of 10-12 were used to prepare replicated natural
joint specimens. The sandstone joint profiles were copied into a mould so they could
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be cast with gypsum plaster and then used in repetitive tests. A silicon rubber (liquid
form) that can be brushed (Dalchem – Thixosil) was used to copy the surface
profiles. It consisted of a base component and a catalyst, and was mixed in a ratio of
10:1. After mixing, the rubber was brushed over the sandstone joint profile and
allowed to harden. The rubber mould was taken out after a setting time of 72 hours at
room temperature. These moulds were used to cast the 54mm diameter cylindrical
joint specimens shown in Figure 3.2.

Figure 3.2 Natural Joint profile used in laboratory testing

3.2.4

Characterisation of natural rock joints

This laboratory program consisted of testing three different types of joint surfaces.
Characterising the planar and saw-tooth joint profiles was not difficult, because, the
geometry was regular. Indeed it is very important to characterise natural joint
profiles properly when modelling the shear behaviour. Due to the irregularity and
spatial distribution of roughness, the natural joint profiles could not be characterised
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by simply using the asperity angle, and therefore, the joint roughness coefficient
(JRC) proposed by Barton & Choubey (1977) was successfully used.
A non-contact 3D digitiser (VIVID 910) was used to characterise the joints in
the laboratory. The VIVID 910 (Figure 3.3) uses laser beam light sectioning
technology to scan work pieces with a slit beam. The light reflected from the work
piece was acquired by a CCD camera, and 3D data was then created by triangulation
to determine the distance information. The laser beam was scanned using a precision
galvanometric mirror, which meant that 640 × 480 individual points could be
measured per scan. The natural joint specimens were scanned section by section and
then merged using software to obtain a complete 3D model. This model was used for
further analysis of the joint surface. The surface topography of the joint profile is
shown in Figure 3.4. Typical profiles of the surface are given based on different
sections in Figure 3.5 . The profiles obtained through different sections of the
specimens were matched with the typical roughness profiles (Figure 2.4) of Barton
& Choubey (1977) to determine the JRC of the profile. By careful observation of all
profiles, it has been determined that the JRC of the surface would lie within the JRC
= 10-12 region.
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Figure 3.3 VIVID 910 - non-contact 3D digitiser

Figure 3.4 Typical profile of the replicated natural joint
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Figure 3.5 Typical profiles of replicated natural joint
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3.2.5

Selection of infill material

In this study a silty clay with a 25% of fine sand and 75% of kaolinite by weight was
selected as the infill material. Extensive laboratory soil tests were conducted on the
infill to identify its properties. Laboratory cone penetration tests showed a liquid
limit (LL) of 39% and a plastic limit (PL) of 20% giving a plasticity index of 19%
(Figure 3.6). Undrained triaxial (CU) tests were conducted at different effective
confining pressures to evaluate the effective shear strength parameters, an effective
internal friction angle (’) of 210 and a cohesion intercept (c’) of 13.4 kPa was
obtained (Figure 3.7).
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Figure 3.6 Results of cone penetration test for Liquid Limit
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Figure 3.7 Mohr coulomb strength envelope for the infill

3.2.6

Soil-water characteristic curve (SWCC)

To adequately describe the hydraulic properties an unsaturated soil it is necessary to
establish a relationship between suction and the amount of water present, which can
be expressed either in terms of water content (mass), volumetric water content, or
degree of saturation (volume). This relationship is often referred as the soil-water
characteristic curve or SWCC. The SWCC has been successfully used as an indirect
approach to quantify the matric suction applied to the soil. Measuring the matric
suction was challenging because the infill layer between the joint was between 1 to 8
mm thick. Since this was a thin layer of infill, installing a pressure transducer was
very demanding and there was every possibility it could be damaged during
shearing. Therefore, measuring the matric suction during the shear test was not
feasible so an alternate and indirect method of using the SWCC was the only option.
The soil-water characteristic curve for the infill material was developed using
the test data obtained from the pressure plate apparatus and chilled mirror
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hygrometer, according to the procedure described in the ASTM – D 6836-02 (2008)
standard. Two different types of apparatus were used to develop the SWCC, so that a
wider range of matric suction could be investigated. A pressure plate apparatus was
used to obtain data under matric suctions of 1000 kPa and the chilled mirror
hygrometer was used for the range above 1000 kPa. The data obtained from both
apparatus were plotted in a semi-logarithmic graph and interpolated using the van
Genuchten (1980) relationship which may be expressed as follows:



1

n 
1  s  

m

(3.1)

where, Θ is the dimensionless water content, s is the matric suction, and α, n, and m
are undetermined parameters. These parameters were obtained by adopting the least
square method and the interpolated best fit parameters are shown in Figure 3.8 along
with the experimental data.
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Figure 3.8 Soil-water characteristic curve for the infill

3.2.6.1 Pressure plate test
Pressure plate apparatus (Figure 3.9) manufactured by the Soilmoisture Corporation
was used to obtain data under matric suctions of 1000 kPa. The pressure plate
extractor consists of a saturated high air entry value (HAEV) ceramic disk contained
in an air pressure chamber. In this study, two ceramic disks with an HAEV of 500
kPa and 1500 kPa were used. The HAEV ceramic disk was saturated and was in
contact with water in a compartment below the disk that was in turn connected to an
exterior burette. The infill material was prepared in a retaining cell to a dry density
of 1250 kg/m3 and was then saturated by being inundated in a tray. After saturation
the sample was weighed and then placed inside the pressure chamber. The desired
suction was applied to the system by the pressure differential of air and water phases
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(i.e. ua – uw; air pressure was increased while the water pressure was kept at
atmospheric pressure) that was maintained until the specimens reached equilibrium.
The equilibrium state can be identified by observing the air-water interface of the
burette attached to the water compartment of the pressure chamber. Once a state of
equilibrium was established (typically after seven days or when the air-water
interface changed less than 1 ml over a period of 48 hours), the pressure chamber
was opened and the specimens and their retaining rings were weighed to determine
the corresponding water content. The specimens were then placed back onto the
porous plate and the next increment of suction was applied by increasing the air
pressure. This process was continued until the required matric suction increment
was reached.

Figure 3.9 Pressure plate apparatus

3.2.6.2 Chilled mirror hygrometer
For matric suction values exceeding the air entry values of the pressure plate
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ceramic disk, alternative techniques such as the chilled mirror hygrometer (Figure
3.10) can be used. Notice that while the chilled mirror hygrometer apparatus
measures total suction, the osmotic component may be negligible as there are no
salts present in the infill material. The chilled mirror hygrometer consists of a sealed
chamber with a fan, a mirror, a photoelectric cell, and an infrared thermometer. In
this case the infill material is placed into a 40mm diameter plastic container which is
then placed on a tray and inserted into a temperature controlled chamber where the
infill material reaches equilibrium inside the chamber in a matter of minutes. The
temperature inside the chamber is reduced until the material reaches its dew-point, at
which time the chilled mirror hygrometer computes the total suction based on the
vapour pressures and temperature inside the chamber using Kelvin’s equation. Prior
to measuring the suction the device was calibrated using a solution of 0.5 M KCL
provided by the manufacturer (Decagon Devices).

Figure 3.10 Chilled mirror hygrometer (Decagon Devices, Inc)
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3.2.7

Preparation of infilled joints
Five different initial degrees of infill saturation were considered in this study

(i.e. 35%, 50%, 60%, 75%, and 85%). The dry density of the infill was maintained
constant (1250 kg/m3) throughout the test series to omit the effect of infill density
because the soil may behave differently if the density is varied. The soil water
characteristic curve (used later in this study) was also found to vary with the density
of the material, and therefore this infill density was maintained throughout the study.
Joint specimens were immersed in water for at least 72 hours and then an organic
waterproof sealant was applied to the surfaces of the joints to ensure that no moisture
escaped from the infill to the specimens during the tests; thus they maintained
constant moisture conditions. The infill was mixed in the laboratory to the required
moisture content and then spread over the joint profiles with a spatula. Both halves
of the joint were assembled and aligned using a scaled “V” block (Figure 3.11). The
sample was then placed into a special cylindrical mould and statically compacted to
the required infill thickness to asperity height ratio (t/a). An example of the final
joint profile obtained once the infill was spread and compacted to a certain t/a is
shown in Figure 3.11. Specimens of idealised saw-tooth joints were prepared for a
t/a of 0.5, 1.0, and 3.0.
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Scaled
“v” block
Figure 3.11 Idealised saw-toothed infilled joint

The roughness amplitude of the imprinted natural joint was determined
according to ISRM (1981) recommendations. The mean asperity amplitude (a) and
mean infill thickness (t) were measured at several points along the surface of the
joint (Figure 3.12a and 3.6b). The appropriate infill thickness to asperity height ratio
(t/a) was then determined using the mean values of a and t. Replicated natural joints
(Figure 3.13) were made for t/a ratios of 0.26, 0.51, 1.53 and 2.05.
ROUGHNESS AMPLITUDE

a2

a1

mean 

a1  a 2
2

Figure 3.12(a) Calculation of mean roughness amplitude (ISRM, 1981)
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Figure 3.6(b) Calculation of the mean thickness of infill (ISRM, 1981)

Figure 3.13 Replicated natural infilled joint
Although the behaviour of the joints with infill wass studied over a wide range
of the infill’s initial degree of saturation, fully saturated conditions were not
considered.. This was because preparing viable specimens usingg this procedure was
difficult in that the infill became like slurry when it approached saturation. Infill
saturations of less than 35% were also not considered because the infill became more
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powdery making it difficult to sandwich between the surfaces of the joint. After
assembly the infilled joint specimens were wrapped in a thin neoprene (impervious)
membrane. During testing the sealant applied onto the surfaces of the joint and the
impervious membrane ensured that the clay infilled joints maintained constant water
content conditions. Experience has shown that sealant on joints with a thinner infill
may be damaged during asperity shearing. However, as the permeability of the
model rock is much lower than the infill (kinfill/krock > 1000), it could be assumed that
undrained conditions would still prevail (Indraratna & Jayanathan, 2005). Since no
moisture can escape to the model joints, it may be assumed that the initial measured
properties of artificial material applied throughout the test.
3.2.8

Preparation of infill alone samples

In order to properly understand the effect of the degree of infill saturation to the joint
shear strength, it is important to study the behaviour of infill alone. For that, a series
of triaxial tests have been carried out with various test conditions. Four different
initial degree of saturation were focused in this study (i.e. 50%, 70%, 85%, and
100%). The infill is initially mixed with water to the required saturation level and
kept overnight in plastic bags in a temperature controlled room to obtain uniformity
of the saturation. The samples were 50 mm in diameter maintaining a ratio of height
to diameter of 2.0. All the samples required to have same initial dry density to follow
the SWCC developed earlier. Therefore, the required volume and weight of the
samples were calculated maintaining the same initial dry density. Once the sample
weight is known, infill material is placed in a steel mould and statically compacted to
the required height. These samples were then taken out from the mould and wrapped
in latex membranes in order to test in the triaxial apparatus.
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3.3

High Pressure Two Phase Triaxial Apparatus (HPTPTA)

Shear box is the key equipment used in the field of jointed rock engineering due to
its ease of operation. The study involved in this thesis required complex laboratory
testing of the infill while maintaining undrained conditions when shearing. The
triaxial system was more suitable here because modifying the large scale CNS direct
shear box developed at University of Wollongong to maintain undrained conditions
would be very complicated. The high pressure triaxial equipment used in this study
was originally developed at the University of Wollongong to study two-phase flow
within rock joints (Indraratna & Ranjith 2001), and modified later by Jayanathan
(2007) for shear testing of infilled joints. In this study, this equipment was modified
again to gain more space inside the triaxial cell and fit a new displacement
measuring system with laser technology for high accuracy measurements.
3.3.1

Triaxial cell

The high strength steel triaxial cell has an internal diameter of 130 mm and a height
of 225 mm, in which specimens up to 60 mm in diameter with a height to diameter
ratio of 2.0 can be accommodated. The cell can withstand internal pressures of up to
100 MPa. Silicon oil was used as the confining fluid because it prevents the steel cell
from corroding and does not react with the latex membrane. The system is equipped
with two inlet valves for the bottom pedestal and one valve for the top cap. These
lines are fitted with pressure transducers to measure the respective fluid pressures.
One pressure transducer is mounted on the wall of the cell to measure the confining
pressure of the cell. Figure 3.14 shows a schematic diagram of the high pressure
triaxial assembly.
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The triaxial cell has a mechanical driving system to control the strain applied
to the specimens wh
while
ile testing. The drive system is mounted onto a steel frame to
withstand the maximum drive load without deflecting.

The strain rate can be

changed with the strain controller attached to the driving system, the loading
capacity is 150 kN and the length of travel is 120 mm.

Figure 3.14(a) Schematic diagram of triaxial apparatus
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Figure 3.8(b) High pressure two-phase triaxial apparatus
At the beginning of this study, confining pressure for the triaxial cell was
supplied via a manual hand pump but it could not maintain a constant pressure for a
long time. A special electronic pump was installed and used during this study, and it
maintained a constant confining pressure during tests running for longer times. This
pump could handle pressures from 0 – 16 MPa (Figure 3.15). All the measuring
devices attached to the triaxial cell are connected to a computer via a 10 channel data
logger (DT 500). This configuration enabled data to be automatically monitored in
real time during testing and then logged and saved in Microsoft excel data format for
further processing.
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Figure 3.15 Pressure pump
3.3.2

Displacement measurement system

There were two devices attached to this apparatus to measure the axial and
horizontal movement of the joint specimen. To measure axial displacement, a linear
variable differential transformer (LVDT) was connected to the axial loading shaft of
the triaxial cell, after being calibrated, while two types of instruments were used to
measure horizontal displacement.

Two thin, spring steel cantilever arms were

mounted on the base of the triaxial cell and used with this instrument set up. This
system had an accuracy of 0.01 mm. For more accurate measurements a new system
with laser technology was installed to measure displacement to within 0.001 mm.
The cantilever arm system (Figure 3.16) was prepared at the laboratory by
attaching two foil strain gauges (each 120 ohms) to each arm, although the number
of strain gauges was subsequently increased to four to enhance sensitivity. The strain
gauges were connected to a data logger with a full Wheatstone bridge. The steel
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plates were calibrated and connected directly via a data logger to read displacement
in millimetres. Displacement perpendicular to the surface of the joint (Δv) was then
determined from the measured horizontal and axial displacements based on
following trigonometric equation:

v  x sin   z cos 

(3.2)

where,

x – horizontal displacement
z – axial displacement

 – dip angle of the joint

Figure 3.16 Displacement measuring system

3.3.3

Displacement measuring system – Laser

The cantilever arms used to measure horizontal displacement were a simple
assembly but we could not accurately measure small changes in displacement due to
noise, so a new system was called for. Laser technology has many applications and
Chapter 3 – Laboratory Investigation

136

could be used here as well so a system to measure displacement was made for the
high pressure triaxial apparatus and was used in this study (Figure 3.17). It had to be
carefully designed due to the presence of silicone oil and high pressure in this
application and so it was calibrated extensively. A sensor ejects a laser beam to the
sample through a hole in the triaxial cell, and by analysing the reflected beam the
displacement between the sensor and sample could be measured. Two sensors were
installed in the cell, on the opposite directions so that the displacement of both
specimens was recorded separately. Total displacement was calculated later using
the values obtained. The system was able to measure displacements as small as 0.001
mm, but the measuring range was limited to 0 to 2.5 mm.

Figure 3.17 Displacement measurement system - laser

3.4

Testing procedure
Constant water content triaxial testing (CW) was used to test the infilled

joints, and although the test was held under an undrained unsaturated condition, the
test procedure shared some similarity to that used in saturated undrained testing. The
specimen of unsaturated infill was tested at its initial water content or matric suction,
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and provided the drainage valves remained closed during testing, constant water
conditions were established and undrained conditions were attained. A strain rate of
0.01 millimetres per minute was used for the test series. This shearing rate was
consistent with those used in numerous previous studies, including those of Fredlund
et al. (2012) and Thu et al. (2006).
The infilled jointed specimen with a known moisture content (or initial
degree of saturation) was assembled inside the cell and the confining pressure was
applied. Three different confining pressures of 300 kPa, 500 kPa, and 900 kPa were
used to investigate the effect of normal stress (or the confining pressure) to shear
strength. As shown in Figure 3.11, the mean joint plane was inclined at 60o to the
horizontal plane and the normal stress acting on the joint plane varied during
shearing, even though the confining pressure remained constant.

As noted

previously, the waterproofing sealant prevented moisture escaping from the infill to
the joint specimen. A series of tests was carried out for different (t/a) ratios and with
a starting infill saturation of 35%, 50%, 60%, 70% and 85%. A summary of the
testing program is given in the flowchart (Figure 3.18), and the series of tests
conducted are elaborated on in Table 3.1 and 3.2. As many as 48 laboratory tests
were conducted on idealised saw-tooth joints and 63 tests on replicated natural joints
without repeats. The stress-strain and dilation responses were analysed for each test
and the peak shear strength was considered as the maximum shear strength obtained
on the stress-strain curve. At the end of each test the moisture content of the infill
was measured and compared with the initial value. The difference between the two
measurements was typically less than 0.1, which indicates that constant water
conditions were attained.
Deviator stress (σ1- σ3) and the confining pressure (σ3) recorded during the
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test was converted to shear stress (τ) and normal stress (σn) assuming Mohr-Coulomb
theory:
   3  1  3 
n   1

 cos 2
 2   2 

(3.3)

 3 
  1
 sin 2
 2 

(3.4)

where θ is the dip angle of the joints.
Several infill alone triaxial tests were carried out in order to study the
behaviour of infill alone and the effect of the degree of infill saturation. The infill
alone specimen with a known moisture content (or initial degree of saturation) was
wrapped in a latex membrane and assembled inside the cell. The specimens were
tested under 900 kPa of confining pressure. Four different initial degrees of
saturation were used as discussed in sample preparation. Once the sample is
assembled inside the cell, all the valves of the cell were kept closed maintaining
undrained condition. The sample is sheared using the same strain rate to the infilled
joints to maintain the consistency of the results. When the samples are sheared 20%
of axial strain the test was stopped and the moisture content of the sample is
measured.
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Laboratory
investigation

Idealised

Idealised

Replicated Natural

Saw-toothed joints

Planar joints

joints

Unfilled

Infilled

Tests for different
degree of
saturations

Tests for varying
infill thicknesses

Tests under
different
confining
pressures

Figure 3.18 Flow chart of the laboratory investigation
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Table 3.1 Test series for idealised saw-toothed joints
Series

Deg. of Saturation

Confining Pressure

(%)

(kPa)

t/a ratio

300
Series 1

35%

500

0.0, 0.5, 1.0, 3.0

900
300
Series 2

50%

500

0.0, 0.5, 1.0, 3.0

900
300
Series 3

60%

500

0.0, 0.5, 1.0, 3.0

900
300
Series 4

70%

500

0.0, 0.5, 1.0, 3.0

900
300
Series 5

85%

500

0.0, 0.5, 1.0, 3.0

900
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Table 3.2 Test series for replicated natural joints
Series

Deg. of Saturation

Confining

(%)

Pressure (kPa)

t/a ratio

300
Series 1

35%

500

0.0, 0.26, 0.51, 1.53,

900

2.06

300
Series 2

50%

500

0.0, 0.26, 0.51, 1.53,

900

2.06

300
Series 3

60%

500

0.0, 0.26, 0.51, 1.53,

900

2.06

300
Series 4

70%

500

0.0, 0.26, 0.51, 1.53,

900

2.06

300
Series 5

85%
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0.0, 0.26, 0.51, 1.53,

900

2.06

142

CHAPTER FOUR

4 SHEAR BEHAVIOUR OF INFILLED JOINTS UNDER PARTIALLY
SATURATED INFILL CONDITIONS

4.1

Introduction

This chapter describes the experimental test procedures and provides a detailed
discussion of the test results. The laboratory program included testing planar, idealised
(saw-tooth) and replicated natural joints under different degrees of saturation and
confining stresses, in the high pressure triaxial equipment. Idealised saw-tooth joints
with an asperity angle of 18o and 2mm asperity height were used. Natural rock joints
with JRC at 10-12 were selected. All joints had a dip angle of 60o and were tested in
constant water content triaxial conditions at an axial strain rate of 0.01 mm per minute.
4.2

Shear behaviour of clean joints

Proper understanding of the clean joint behaviour is significant when dealing with
infilled joints, as the shear strength of an infilled joint is also related to it. The shear
behaviour of planar, idealised (saw-tooth), and replicated natural joints has been
analysed, and the stress–strain behaviour including dilation is described in the following
sections.

Chapter 4 – Shear Behaviour of Infilled Joints Under Partially Saturated Infill Conditions

143

4.2.1

Idealised planar joints

The shear behaviour of planar joints was studied under different confining pressures.
The deviator stress and dilation data are plotted in Figure 4.1 for confining pressures of
300kPa and 500kPa. The peak deviator stress is reached at a low axial strain (at 0.2%),
and remains relatively constant throughout shearing. The axial strain required to attain
the peak deviator stress is reduced with the increase in confining pressure as shown in
Figure 4.1, there is a clear increase in the deviator stress when the confining pressure
increases from 300kPa to 500kPa. These joints did not show any significant dilation or
compression during shearing because there were no asperities in their surface geometry.
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Figure 4.1 The shear behaviour of idealised planar unfilled joints
4.2.2

Idealised saw-tooth joints

Figure 4.2 shows the shear and dilation behaviour of clean idealised saw-tooth joints at
different confining pressures. Note the stick-slip behaviour in the stress-strain diagram,
which is a common response in jointed rock shearing subjected to relatively high
normal stresses. As shown in Figure 4.2, the peak deviator stress increases and the axial
strain required to obtain the peak deviator stress decreases as the confining pressure
increases. The joints began to dilate from the start of shearing due to overriding of the
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asperities. The highest dilation occurred at lower confining pressures as the restrictions
on joint movement were less when the normal stress is relatively small. Decreased
dilation of the joint subjected to higher confining pressures may be due to the asperity
degradation occurring at higher normal stresses. At very high normal stresses the
asperities can be completely sheared off, contributing to a very low dilation.
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Figure 4.2 The shear behaviour of unfilled idealised saw toothed joints
4.2.3

Replicated natural joints

Replicated natural joint profiles with a JRC of 10- 12 were selected in this study for
laboratory testing purposes. Samples of a sandstone joint obtained from Kangaroo
valley (NSW) rock slide were replicated on gypsum plaster. These joints were tested
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under three different confining pressures (i.e. 300kPa, 500kPa, and 900kPa) and the
results are presented in Figure 4.3. The stress-strain data show stick-slip behaviour
similar to saw-tooth joints which may have been caused by the degradation of small
scale roughness or small scale asperities spread over the surface of the joint. However,
the deviator stress peaked and maintained a relatively constant stress afterwards. The
axial strain required to achieve peak deviator stress decreased with an increase in the
confining pressure. This occurred in all three types of joints irrespective of their surface
profile. The dilation data during shearing is also presented in Figure 4.3. The joint
began to compress at the beginning as the joint walls were not fully mated. Hence, the
joint compresses initially to attain a fully mated condition and then begins to dilate after
the surfaces come into contact. Less compression and higher dilation occurred at lower
confining pressures as the joint was free to move when normal stress reduced. At higher
confining pressure a higher compression and lower dilation was observed.
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Figure 4.3 The shear behaviour of replicated natural clean joints
4.2.4

Shear strength envelopes of clean joints

The peak shear stress envelopes for planar, saw-tooth, and replicated natural joints are
presented in Figure 4.4. The peak deviator stress and confining stress are used in MohrCoulomb analysis to obtain the corresponding shear strength. The planar and saw-tooth
(idealised) joints show a linear relationship while the natural joint shows a slight nonlinear relationship. When the three envelopes were considered, the planar joints showed
a lower slope angle because of its insignificant surface roughness. Barton (1973) stated
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that natural joints usually would show a non-linear shear envelope, and this was
observed from the results shown in Figure 4.4.
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Figure 4.4 Shear strength envelopes for clean joints
4.3

Shear behaviour of infill

A silty clay consisting of 25% fine sand and 75% Kaolinite was used as the infill in this
study. It is very important to identify the behaviour of the infill alone before
investigating its behaviour in a more complex environment. This helps to understand the
typical behaviour of one component of the infilled joint system and aid in analysing the
combined effect. Soil behaves differently to an infill joint in many different ways; in an
infilled joint, the infill is sandwiched between two rock walls and the boundary effects
are completely different to testing a sample of soil wrapped in a membrane. Even
though the behaviour is different, the effect that infill saturation has on the peak shear
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strength must be common in both test conditions when the shear behaviour of the joint
is fully governed by the infill. Infill specimens 50mm in diameter with a ratio of height
to diameter of 2.0 were prepared in the laboratory under similar conditions as the
triaxial testing for the filled joints. These specimens were tested at saturation levels of
50%, 70%, 85%, and 100% and the results are plotted in Figure 4.5. Note that the
infilled joints usually attained a peak deviator stress within 3-5% of axial strain and the
samples of infill alone achieved a peak deviator stress around 10-15% of axial strain. As
shown in Figure 4.5, the peak deviator stress decreases with the increasing degree of
saturation of infill and achieves a minimum shear stress when reaching 100% saturation.
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Figure 4.5 Shear behaviour of infill under 900 kPa confining pressure with different
degrees of saturation
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4.4

Shear behaviour of infilled joints

The shear behaviour of infilled planar, saw-tooth, and replicated natural joints will be
discussed here with the laboratory results obtained from the triaxial tests. These joints
were tested with a silty clay infill of varying thicknesses (1-8 mm) upon the required t/a
ratios. The infill joints were tested under different degrees of infill saturation ranging
from 35% - 85%. Three confining pressures were used in the testing program to
investigate the effect of initial normal stress on the joint shear strength.
4.4.1

Shear behaviour of planar joints

Jayanathan (2007) carried out a detailed study of planar joints using the same joint
profile and noted that the ultimate deviator stress or peak shear stress did not depend on
the infill thickness, even though there was a slight change in behaviour during initial
shearing. The effect of infill thickness is not significant on a planar joint as the joint
doesn’t have prominent undulations. He also observed that the peak deviator stress
increased according to the confining pressure. The main focus of this study is to
investigate the effect of infill saturation on the shear behaviour. As the shear behaviour
did not depend on the infill thickness (Jayanathan, 2007), testing was only concentrated
on a single infill thickness (i.e. 6 mm). The triaxial test results for infill planar joints
with 6 mm infill thickness and 900 kPa is presented in Figure 4.6.
The data plotted in Figure 4.6 indicates that the deviator stress increases with the
applied axial strain and remains relatively constant after reaching a peak value; this
trend occurs at all levels of saturation tested. As expected, the highest peak deviator
stress occurred at the lowest degree of saturation (35%) and a lowest peak deviator
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stress occurred for the highest degree of saturation (85%). Joint compression started
with shearing and continued, but no dilation was observed because the surface of the
joint had no undulations. The volumetric behaviour showed higher compression when
the degree of infill saturation was relatively high, whereas specimens with a lower
degree of saturation showed decreased compression, because, when the matric suction
increases the infill becomes stiffer (compressibility reduced) as ‘bonding’ of infill
particles is enhanced. Similar experimental observations have been made in constant
water content tests of residual soil (Thu et al., 2006).
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Figure 4.6 The shear behaviour of infilled planar joints at different degrees of saturation
under confining pressure of 900 kPa
4.4.2

Shear behaviour of idealised saw-tooth joints

Idealised saw-tooth joints with an initial asperity angle of 18o and asperity height of
2mm was used in the testing program with infill thicknesses varying from 1 – 6 mm.
Testing was conducted under three confining pressures (300, 500, 900 kPa) and the
shear behaviour and dilation of the joint were observed. The degree of saturation of the
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infill was varied from 35- 85%. The behaviour of the infilled joints can mainly be
categorised under three sections based on the effects of the confining pressure, the t/a
ratio, and the degree of saturation of the infill. This section will describe the joint
behaviour on these three categories as follows.
4.4.2.1 Effect of infill thickness
Besides the properties of the constituent materials, the infill thickness or the infill
thickness to asperity height ratio (t/a) is considered to be the parameter with the most
influence on the shear behaviour of infilled rock joints. Several studies show that the
thicker the infill the lower the shear strength, up to a boundary value where it no longer
varies (Indraratna et al, 2005; 2008). Triaxial testing has been conducted on infilled
rock joins with a range of t/a ratios from 0.5 – 3.0.
Figures 4.7 – 4.9 illustrate the variation of deviator stress for a range of t/a ratios
subjected to different confining pressures. When the t/a ratios were 0.5 and 1.0, the
stress-strain curves showed double peak behaviour. When the joint starts to shear the
shear stresses build up rapidly and shear through the infill first, indicating the first peak
that corresponds to shearing through the infill. de Toledo and de Freitas (1993)
proposed a possible shearing mechanism for this first phase as shown in Figure 4.10.
The rock sets the boundary limits for the failure surfaces of the soil, which is defined by
the geometry or roughness of the joint. As shearing progresses the infill above the sliding surface must squeeze out to fill the space generated on the unloaded side of the
joint. After the infill is squeezed out to the gaps the asperities make contact and the
shear behaviour will then be governed by the rock-rock contact or rock strength
(Indraratna et al. 2011). The second peak occurs when the asperities are sheared off
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from the rock walls. In a saw-tooth joint the asperities are regular and have a defined
shape, therefore after the tips are sheared off there are no second order asperities to
catch up the shear strength. Because of this, a clearly defined second peak could be
observed in saw-tooth joints followed by a drop in shear strength. This is a unique
characteristic of an idealised saw-tooth joint and has also been reported by Indraratna et
al. (2008).
The t/a ratio of 0.5 shows a higher peak deviator stresses compared to a t/a of
1.0. When the infill thickness is less the effect of the infill material is reduced and the
contribution of the rock walls and asperities to the shear strength is increased, therefore
there were higher peak stresses at lower t/a ratios. When the t/a ratio increased from 0.5
to 1.0, the axial strain required to attain to peak deviator stress also increased because
the larger infill thickness would require more strain to squeeze the infill and to bring the
rock walls together. When the t/a ratio is relatively high (e.g. 2.0, 3.0) the joint does not
show a clear second peak. The deviator stress gradually increases and obtains a constant
value representing the typical shear behaviour of a normally consolidated infill with a
little or no asperity interference. This t/a ratio defines the boundary where the joint acts
as infill alone, and is a characteristic of the type of joint and infill.
Figure 4.7 also shows the dilation behaviour for different t/a ratios. At t/a ratios
of 0.5 and 1.0, the plot indicate a small initial compression followed by dilation which
can be explained using the infill squeezing concept described earlier. When the joint
starts shearing the infill is compressed and starts to squeeze to the gaps opened by the
asperities and causes an initial compression. After the infill squeezing, the walls or
asperities of the joint make contact and initiates asperity overriding. When the asperities
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override, the joint tends to dilate, as illustrated in Figure 4.7, but when the infill
thickness increased there was more compression because shearing through the infill was
more prominent. When the t/a ratio equals 3.0 the shear behaviour of the joint is mainly
governed by the infill alone, and the full compression observed in the dilation graphs
confirms shearing through infill alone without any asperity contact.
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Figure 4.7 Shear behaviour of infilled saw-tooth joints with 50% of infill saturation
under 900 kPa confining pressure
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Figure 4.8 Shear behaviour of infilled saw-tooth joints with 50% of infill saturation
under 300 kPa confining pressure
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Figure 4.9 Shear behaviour of infilled saw-tooth joints with 50% of infill saturation
under 500 kPa confining pressure
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Figure 4.10 Mechanism of infill failure for small thickness (modified from de Toledo &
de Freitas, 1993).
When the infill thickness is relatively low, asperity overriding takes place during
shearing and may cause degradation by shearing tips of the asperities off. The joint
profiles before and after testing were scanned using a 3D scanner to observe the surface
degradation. Figure 44.11 illustrates a comparison of joint
oint profiles for a t/a of 1.0. Not
much asperity degradation was observed other than small scale asperity tip damage.
This diminished when the t/a was increased beyond the critical t/a ratio, which
confirmed shearing through infill alone.
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Damaged
asperities

Figure 4.11 Comparison of idealise saw toothed specimens before and after shearing for
t/a = 1

4.4.2.2 Effect of the degree of infill saturation
The main focus of this study was to investigate the effect of infill saturation on the shear
behaviour of infill joints. Figure 4.12 shows the variation of deviator stress with the
degree of infill saturation for different t/a ratios under a confining pressure of 900 kPa.
As described earlier, joints with a t/a = 0.5 (Figure 4.12a) showed double peak
behaviour as the infill thickness was relatively low. The peak deviator stress decreased
with an increase in the degree of infill saturation. The highest peak deviator stress
occurred at 50% infill saturation and was lowest at 85% saturation. Note that the axial
strain required to attain the peak deviator stress also increased with the increase of infill
saturation for both peaks. Near saturated infill joints such as 85% showed higher
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compression as they were subjected to lower matric suction, while joints with less
saturated infill (i.e. 50%) showed less compression as the infill was much stiffer due to
increased matric suction.
Figure 4.12b shows the deviator stress and dilation behaviour of an infill joint
with a t/a of 1.0, showing similar behaviour to infilled joints with a t/a of 0.5. Figure
4.12c illustrates the behaviour of joints with a t/a of 3.0. Here, the joint shearing seems
to occur only through the infill material as the infill thickness is relatively high. Only a
single peak corresponding to the infill material is visible, and a similar trend is observed
for t/a = 0.5 and 1.0. The dilation curve only shows compression because shearing only
occurs through infill without any asperity contact. In general, there was more
compression for higher saturated infill joints and lower compression for less saturated
infill joints.
4.4.2.3 Effect of confining pressure
As described above, three different confining pressures were used in the laboratory
testing program to investigate the effect of confining pressure on the shear behaviour of
infill joints. Figure 4.13 and Figure 4.14 compare the shear behaviour of 50% and 60%
saturated infill joints under the three different confining pressures used. The deviator
stress shows a clear increase with an increase of confining pressure for both cases. The
most significant influence of confining pressure seems to be on the joints with thinner
infill such as t/a = 0.5, and this is attributed to the more pronounced asperity
interference at higher normal stresses. There was a noticeable increase in deviator stress
for other t/a ratios also, but at a reduced scale.
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Figure 4.12 Effect of infill saturation on the shear behaviour of infilled saw-tooth joints for t/a (a) 0.5, (b) 1.0, and (c) 3.0 under 900 kPa of
confining pressure
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Figure 4.13 Comparison of shear behaviour of infilled saw-toothed joints with 50% of infill saturations under different confining pressure
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Figure 4.14 Comparison of shear behaviour of infilled saw-toothed joints with 60% of infill saturation under different confining pressures

Chapter 4 – Shear Behaviour of Infilled Joints Under Partially Saturated Infill Conditions

164

4.4.3

Shear behaviour of replicated natural joints

A replicated natural joint on gypsum plaster with JRC of 10 – 12 was used for
laboratory testing. Traxial testing was conducted on replicated natural joints with infill
thicknesses varying between 1 – 8 mm, giving t/a ratios of 0.26 – 2.05. The degree of
infill saturation varied from 35% - 85%, and three levels of confining pressure were
used (300, 500, 900 kPa). The shear and dilation behaviour of each test were recorded.
4.4.3.1 Effect of infill thickness
Figure 4.15 shows the shear and dilation behaviour of replicated natural infilled joints
for 50% of infill saturation under confining pressures of 300, 500, and 900 kPa. For t/a
ratios less than 0.51, the joints showed double peak behaviour similar to the idealised
saw-tooth joints, but there was no clear second peak as described earlier. For t/a ratios
greater than 1.53, the joints act as shearing through the infill alone showing similarities
to the idealised saw-tooth joints. The boundary limit or the critical t/a ratio depends on
the surface profile of the joint. By adding a small infill thickness (t/a = 0.26) the peak
deviator stress has dropped by more than 50% of its clean joint strength. The peak
deviator stress of the joint was decreased when the t/a ratio increased from 0.26 to 2.05.
Similar peak stress values were observed for t/a ratios of 1.53 and 2.05. The dilation
was similar to the idealised saw-tooth joints. For t/a ratios of 0.25 and 0.5, the joints
compressed to begin with and were then subjected to dilation. The initial compressions
were high compared to idealised joints as the replicated natural joints were not fully
mated. Joints with t/a ratios of 1.53 and 2.05 only showed compression because
shearing only occurred through the infill without any contribution from the rock walls.
There was more compression when the infill thickness or t/a ratio was increased.
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4.4.3.2 Effect of degree of infill saturation
Triaxial test results on infilled replicated joints for different degrees of infill saturation
are illustrated in Figure 4.16. The degree of saturation of the infill was varied from 35%
- 85% to observe the effect on shear and dilation behaviour. The peak shear strength of
the joint decreased with an increase in the degree of infill saturation, giving 35%
saturation the highest shear strength. The highest compression occurred for 85% of the
saturated joint and the lowest compression or highest dilation occurred at 35%. When
the degree of saturation of the infill decreased the infill was subjected to a higher matric
suction making it stiffer and less compressible. Hence the joints tended to dilate more
when the degree of saturation decreased. The infilled joint sheared through the infill
alone at higher t/a ratios such as 2.05 and in such cases the compression was greater.
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Figure 4.15 The shear behaviour of infilled replicated natural joints with 50% of infill saturation under (a) 300 kPa, (b) 500 kPa, and (c)
900 kPa confining pressure
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Figure 4.16 The effect of infill saturation to the shear behaviour of infilled replicated natural joints for t/a (a) 0.26, (b) 0.51, and (c) 2.05
under 900 kPa of confining pressure
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4.4.3.3 Effect of confining pressure
The behaviour of infilled joints under three different confining pressures is presented in
Figure 4.17 at an infill saturation of 50%. The deviator stress corresponding to all the
infill thicknesses shows a clear increase with the confining pressure. In Figure 4.17, the
thinner infill joints such as t/a = 0.26 and 0.51 show a considerable increase in stress
while an increase in stress by the thicker infills such as t/a = 1.53 and 2.05 is relatively
low due to a more pronounced asperity interference at higher normal stresses. Joints
with t/a = 0.26 and 0.51 show compression at the start of the shearing due to the nonmated joint profiles and presence of the infill. This initial compression seems to
increase with an increase in the confining pressure as the joints are subjected to higher
normal stresses. In general the test data implied that the walls of the joint probably
made contact with each other after the initial compression; hence the joints began to
dilate thereafter due to asperity overriding, but at higher normal stresses amount of
overriding reduced because the joints were not free to move, which caused limited
dilation. Joints with a t/a = 1.53 and 2.05 only showed compression as shearing only
took place through the infill. Compression increased with an increase in the confining
pressure as more resistance was applied to the joint making the joints compress more.
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Figure 4.17 Comparison of shear behaviour of infilled replicated natural joints with 50% of infill saturations under (a) 300 kPa, (b) 500
kPa, and (c) 900 kPa confining pressures
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4.4.3.4 Stress – strain model for natural infilled rock joints
The general stress – strain behaviour of infilled joints with natural joint profiles can be
described using the conceptual model in Figure 4.18. The model basically identifies
three major zones, depending on the shear behaviour. At the start of joint shearing,
shearing initiates through the infill and quazi-linear small strain deformation (small
strain) occurs until the first peak, which corresponds to the onset of yielding of the infill
material. After the first peak, the rock walls or asperities approach each other (Shearing
beyond the post peak of infill) and the strength of the joint increased as a result. Once
asperity breakage starts to occur the second peak can be observed and the joint
continues to shear through the rock asperities. In an idealised saw-tooth joint, the
second peak was clear because the profile of the joint was regular and no second order
asperities were present to catch the shear drop. However in natural joints the surface
profile is irregular and the roughness is spatially distributed over the profile. When
shearing, the joints will make contact at the steepest asperity and once that is sheared
contact will move to the next steepest asperity. This process will continue until all the
asperities have been sheared off and therefore there was no clear drop in shear with
natural joint profiles.

The same model could also be used to explain the behaviour of

saw-toothed infilled rock joints. The only difference in such cases would be a peak is
observed after onset of asperity breakage rather than a plateau or hardening.
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Figure 4.18 Stress – Strain model for shear strength of infilled joints with natural joint
profile

4.5

The effect of degree of infill saturation to the critical t/a ratio

The laboratory test results for infilled and clean joints on planar, idealised saw-tooth,
and replicated natural joints were presented earlier with respect to different infill
saturations and confining pressures. Note that the infill thickness or t/a ratio is the
parameter which mostly affects the shear behaviour of filled joints, in that it sets the
boundary where asperity interference occurs in a joint, thus referred to as the critical
infill thickness to asperity height ratio (t/a)cr. Indraratna et al. (2005) identified that
(t/a)cr depends on the type of joint and infill material. Indeed, Indraratna et al. (2008)
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further states that (t/a)cr also depends on the over consolidation ratio (OCR) of the
infill. This proves that (t/a)cr depends on the infill as well as the joint properties. The
peak shear stress data for idealised saw-tooth joints and replicated natural joints were
closely examined in this study, and the (t/a)cr varied with the degree of saturation of the
infill.
Figure 4.19 illustrates the variation in the critical t/a ratio with the degree of
infill saturation for idealised saw-tooth joints and replicated natural joints. Critical t/a
ratios ranged from 1.7 to 2.5 for idealised saw-tooth joints, and from 1.0 to 1.4 for
replicated natural joints, respectively. The corresponding relationships followed a nonlinear 3rd order polynomial relationship with the initial degree of saturation for both
types of joint profiles as given in Figure 4.19.
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4.6

Summary

The shear behaviour of planar, idealised (saw-tooth), and replicated natural joints under
constant moisture contents were discussed in this chapter, and the laboratory results for
clean and infilled joints were presented. The degree of infill saturation varied from 35%
- 85% and laboratory testing was carried out under three confining pressures. The key
points of the chapter can be summarised as follows;


The shear behaviour of clean joints showed a clear increase in their deviator stress
with an increase in the confining pressure. Rough joints such as idealised saw-tooth
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and natural joints showed stick-slip behaviour due to the surface roughness and the
asperity breakage, while it was not identified in planar joints.


Clean planar joints showed no dilation or compression as the waviness of the
surface profile was negligible. Idealised saw-tooth joints showed dilation from the
beginning of the test and dilation decreased as the confining pressure increased.
Replicated natural joints showed an initial compression followed by joint dilation,
and showed a similar trend with confining pressure as the saw-tooth joints.



The strength of an infilled joint decreased significantly when a small amount of
infill was present, but its behaviour varied depending on the amount of infill present
in the joint. Joints with thinner infill showed a double peak behaviour and the joints
started to dilate after some initial compression. When the infill thickness was higher,
joint shearing only took place within the infill, and characteristic shearing through
the infill alone occurred. Only compression occurred in such cases as there was no
asperity interference.



The shear and dilation behaviour of infilled joints showed a clear variation with the
degree of saturation of the infill. The infill saturation was varied from 35% - 85 %
through the testing program and their effect on the shear and dilation behaviour was
observed. The shear strength of an infill joint decreased with an increase of infill
saturation. Dilation also increased with the decrease of infill saturation for thinner
infill joints and joint compression increased with an increase of infill saturation.



Thinner infilled joints showed a clear second peak on their shear envelopes for
idealised saw-tooth joints. The second peak of the replicated natural joints was not
apparent as the roughness of the joint was spatially distributed over the surface
profile.
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All the joints showed an increase of shear strength with an increase in confining
pressure and joint dilation was limited at higher confining pressure. Therefore a
higher compression was observed at elevated confining pressures.
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CHAPTER FIVE

5 DEVELOPMENT OF SHEAR STRENGTH MODEL
5.1

Introduction

Predicting the shear behaviour of an infilled rock joint when designing rock mass
structures such as tunnels, dams, and foundations, etc., is a challenging task. Many
studies on the behaviour of clean and infilled rock joints have been conducted, where
most models for infilled joints being empirical or semi-empirical based on experimental
investigations (i.e. Phien-wej et al. 1990; de Toledo & de Freitas 1993; Papaliangas et
al. 1993; Indraratna et al. 1999; Indraratna et al. 2005; Indraratna et al. 2008). These
shear strength models have focussed on different properties of the infill and rock under
different boundary conditions.
The degree of infill saturation is a governing parameter of the shear strength of a
filled joint, and it can vary noticeably, depending on the groundwater and climate
patterns. Barton (1974) carried out an extensive study of filled discontinuities in rock
and found that the in-situ water content of the infill was a principle parameter
controlling the shear strength of a filled joint. Furthermore, under adverse climate
conditions such as heavy precipitation and long periods of rainfall, Barton (1974)
reported that the joints act as conduits for water, while leaving the fine infill material
basically in near saturated conditions. Laboratory testing of infill materials from a rock
mass failure site at Kangaroo Valley, New South Wales, Australia, confirmed that the
infill of some joints can reach more than 95% of saturation after a period of heavy

Chapter 5 – Development of Shear Strength Model

177

rainfall, but during dry seasons the infill saturation will gradually decrease, leading to
an increase in the shear strength of the jointed rock mass. While studies have been
carried out to investigate the behaviour of infilled rock joints (i.e. Ladanyi &
Archambault, 1977; Lama, 1978; Pereira, 1990; de Toledo & de Freitas, 1993;
Indraratna et al., 2005, 2008, 2010), most of them considered either a fully saturated
infill condition or a specified level of saturation, while neglecting the effect of infill
saturation. By analysing the laboratory data it can be noted that an infilled joint
approaches its minimum shear strength when the infill moisture content reaches full
saturation. From a practical perspective, most infill materials are likely to be
compressed over time and typically remain in an unsaturated state, unless the joints are
submerged by groundwater long enough and this may happen if groundwater inflows
constantly occur through specific discontinuities. In this instance grouting the joints
may be considered as a method to prevent the infill materials from reaching full
saturation, thus reduce the probability of catastrophic rock slides.
The shear strength of a filled joint is often assumed to be that of the infill
material alone. While this assumption is conservative if the infill thickness is higher
than a certain critical value, for smaller values of infill thickness in relation to the joint
roughness or asperities, it neglects the benefits of rock-to-rock contact. For relatively
thin infill thicknesses, the influence of rock-to-rock contact becomes increasingly
prominent, whereas the effect of infill saturation can be distinctly observed for a thicker
infill where the strength is governed predominantly by the infill alone.
A new conceptual model incorporating unsaturated soil mechanics theory has
been proposed in this study, including a set of semi-empirical equations to predict the
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shear strength of infill joints. Most available models are based on idealised joint
surfaces without being validated on natural joints where the surface roughness is much
more complex. Therefore, the applicability of these models in the field does not
guarantee accurate predictions. The analytical model used in this study is proposed
using idealised model geometry, and extended for irregular natural joints for more
realistic applications. Both of these models were calibrated using laboratory test data
obtained through triaxial tests. Unsaturated mechanics and jointed rock engineering are
complex areas by itself; therefore, combining these two complex areas has to be
accommodated carefully. This is the first development of introducing the unsaturated
mechanics to rock joints and not many studies of this type can be found in literature.
5.2

Theoretical background

The original attempts to explain and predict the shear resistance of non-planar rock
joints seems to have been based on the observed dilatant behaviour of granular material
such as sand (Barton, 1973). Newland & Alley (1957) proposed the following
simplified shear strength equation based on tests conducted on granular materials:

   n tan(b  i )

(5.1)

where τ is maximum shear strength, σn is effective normal stress, ϕb is the angle of
frictional resistance between particles, and i is the average angle of deviation of particle
displacements from the direction of the applied shear stress.
This equation was then used by Patton (1966) to describe the shearing mechanism of
regular rock joints under low normal stresses where asperity degradation was negligible.
When the joints are subjected to higher normal stresses, Patton (1966) assumed that the
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shear envelope would follow the Mohr-Coulomb relationship. Dilation of the joints
during shearing under low normal stresses is insignificant, but when it is subjected to
higher normal stresses dilation is inhibited and the degradation of asperities can take
place. The constant normal stiffness (CNS) boundary conditions are more suitable for
shearing rough rock joints over constant normal load conditions as they inhibit joint
dilation. Constant normal load conditions are more suited for planar joints where the
joints do not dilate during shearing. The models proposed on the CNS concept can be
generally categorized as:


Models based on energy balance principles



Mechanistically derived models



Graphical models, and



Analytical models, and semi-empirical or purely empirical models

Seidel & Haberfield (1995) have discussed the applicability of energy balance
principles to model the shearing of rock joints. They re-wrote the original equation
proposed by Patton (1966) to include the energy balance principles.

 tanb   tani  
 ( h ,CNS )   n 0   nh 

1  tanb  tanih  

(5.2)

where τ(h.CNS) is the joint shear stress at a horizontal displacement of h, σnh is the
corresponding normal stress, i is the initial asperity angle, ih is the tangent to the dilation
curve at a horizontal displacement of h under CNS conditions, and σno is the initial
normal stress.
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The above model only focuses on clean joints and does not describe the shear
behaviour of joints filled with soft infill material. Infill thickness is one of the key
parameters controlling the shear behaviour of a filled joint. Various approaches taken by
different researchers to predict the shear behaviour of infilled joints are discussed in
Chapter 2. Indraratna et al. (2005) proposed a new conceptual model to predict the
normalised shear strength of an infilled joint. They considered the strength contributed
by the rock interfaces and infill material separately and captured them in two algebraic
functions A and B such that their sum corresponds to the normalised peak shear strength
(τp/σn). They did note that after reaching a critical thickness to asperity height ratio
(t/a)cr, the joint only behaves like the infill material, while neglecting the effect from the
joint surfaces. Based on this critical thickness to asperity height ratio they identified two
major zones in their conceptual model, and they are described as follows.
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For t/a < (t/a)cr in the region of asperity interference ;
(5.3a)



A  tanb  i   1  k 

 2 
B  tan  ' fill 

 1  1/ k 



(5.3b)

Combining A and B,

p
 'n



 A  B  tan b  i   1  k 

 2 
 tan  ' fill 

 1  1/ k 



(5.4)

where k  t / a  / t / a cr ,  n is the normal stress,  fill is the peak friction angle of infill,
and  &  are empirical constants defining the geometric locus of the functions A and
B.
For t / a   t / a cr in the zone of ‘non-interference’ the normalised shear strength is
given by the constant value

p
 'n

 tan  ' fill
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One other parameter that controls the shear behaviour of a filled joint is the
overconsolidation ratio of infill. Indraratna et al. (2008) extended the above model to
include the effect of the infill overconsolidation ratio by following a similar conceptual
model which is described in detail in Chapter 2. Both models neglect the effect of infill
saturation to the shear strength of a filled joint, therefore in this study the model
described above was extended to capture the effect of infill saturation.
5.3

Development of new shear strength model for regular joints

The importance of unsaturated soil mechanics in engineering applications has been
widely accepted by researchers over the past few decades, and even though many
different discussions regarding different basic models take place, the general
understanding of the principles of unsaturated soil mechanics remains common.
Different shear strength theories for unsaturated soil mechanics have been established,
including those by Bishop et al. (1960) and Fredlund et al. (1978), and have been
widely used in different studies.
Integrating unsaturated shear strength theory to jointed rock engineering has not
been currently done because of difficulties involved in laboratory testing and
verification. Most available models consider a fully saturated infill condition for the
simplicity of conducting tests and interpreting laboratory data for different infill
properties. No such study has considered the effect of infill unsaturation on the joint
shear strength.
A conceptual model to describe the shear behaviour with the degree of infill
saturation is illustrated in Figure 5.1. Similar to the original model by Indraratna et al.
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(2005), Figure 5.1 also captures two different zones with respect to the infill thickness
to asperity height ratio (t/a). Infill thickness is commonly presented as a ratio between
the infill thickness and the asperity height to give a more generalised meaning, despite
the surface geometry. When the (t/a) ratio of a joint is increased it will reach a critical
(t/a) where the thickness of the joint is sufficient to prevent any interaction from the
walls, but when the thickness is increased further the joint will only shear within the
infill, without any contact from the joint walls. Therefore, the shear strength will be
equal to that of the infill alone. When the thickness is less than critical (t/a), the shear
strength will include contributions from both the rock walls and the infill. Note that the
critical t/a ratio varies with the degree of infill saturation based on the experimental data
obtained, and therefore the normalised infill thickness ratio (ks) was introduced for the
convenience of modelling such that,

ks 

t / a s
t / a cr ,s

(5.6)

where (t/a)s is the infill thickness (t) to asperity height (a) ratio of an infilled joint at a
degree of saturation s, and the subscript ‘cr’ represents its critical value corresponding
to the degree of saturation. When ks> 1 at the non-interfering zone, the joint shear
strength is only governed by the infill material, and when ks<1 the joint shear strength is
controlled by the surfaces of the rock and the infill (interfering zone) (Figure 5.1). As
the shearing mechanisms of the two zones are different, different sets of equations are
proposed to predict the peak shear behaviour.
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Figure 5.1 Extended pea
peakk shear strength model including the effect of infill saturation
If the infill is in a fully saturated condition, the Mohr
Mohr-Coulomb
Coulomb relationship can
be successfully used to calculate the shear strength of the joints in the non
non-interference
zone, but if a partially saturated infill is considered, the strength contribution from the
matric suction must also be accounted for. Unli
Unlike
ke saturated soil, the shear strength of an
unsaturated soil can be formulated in terms of three independent stress state variables,
and any two of these three possible stress state variables can be used for the shear
strength equations. The stress state vvariables net stress (σ - ua) and suction (ua – uw),
have been shown to be the most advantageous combination for practical purposes.
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Using these stress variables Fredlund et al. (1978) proposed the following shear strength
equation:

 p.unsat  c'   u a  tan  ' u a  u w  tan  b

(5.7)

where
c’

=

intercept of the extended Mohr-Coulomb failure envelope on the shear
stress axis where the net normal stress and the matric suction at failure
are equal to zero; it is also referred to as “effective cohesion”

(σ – ua) =

net normal stress state on the failure plane at failure

ua

pore-air pressure on the failure plane at failure

ϕ’

=
=

angle of internal friction

(ua - uw) =

matric suction on the failure plane at failure

ϕb

angle indicating the rate of increase in shear strength relative to the

=

matric suction, (ua - uw)
This model has been later modified by Vanapalli et al. (1996) to predict the
shear strength using the soil-water characteristic curve (SWCC) by including the
relationship of suction with the parameters of volumetric water content, gravimetric
water content, and the degree of saturation. This approach is useful because testing
unsaturated soil can be expensive and testing is time consuming. If the soil-water
characteristic curve is developed for a soil, the relationships proposed by Vanapalli et
al. (1996) can conveniently be used to predict the shear strength without the need for
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expensive and time consuming laboratory testing. The relationship used in this study
can be written as follows:


 S  S res
 p.unsat  c' n  u a  tan  ' u a  u w tan  ' R
 100  S res






(5.8)

where SR is the degree of saturation and Sres is the residual degree of saturation.
It would be beneficial if the matric suction of the infill during the test could be captured,
so that the matric suction at failure could be used to model the shear strength. The silty
clay seam inside the rock joint that was tested in this study varied from 1 mm to 8 mm
thick, and since this was a relatively thin seam, it was not feasible to install a pore
pressure probe or a suction probe inside the joint to measure the negative pore
pressures, as there was a distinct possibility of it being damaged during shearing. It was
therefore not feasible to monitor the change in matric suction while the joint was being
sheared. In addition, during the shearing process, the broken asperities commonly
contaminate the infill material due to asperity overriding in thin infill seams. In this
instance, the final value of suction computed using methods such as the filter paper
technique may not be realistic. Therefore, the Initial values of infill saturation and the
corresponding matric suction (from SWCC) are used in the model described in the
following sections.
The algebraic component c 'u a  u w tan  'S R  S res 100  S res  of Equation
5.8 is a constant for a given initial degree of saturation of the infill according to the soil
water characteristic curve. This will be referred to here as the total cohesion intercept
(ct) given by:
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 S  S res
ct  c'u a  u w tan  ' R
 100  S res






(5.9)

Equation 5.8 can then be re-written as:

 p .unsat  ct   n  u a  tan  '

(5.10)

Both the infill and rock walls contribute to the shear strength for the interfering
zone where ks< 1. The shear strength varies from an optimum value of clean joint
strength where the infill thickness is zero, to a minimum of infill alone where the infill
thickness varies from zero to critical (t/a). The total shear strength can be expressed by
two algebraic functions A’ and B’, where function A’ carries the strength contributed by
the rock walls and will have an optimum value equivalent to the shear strength of a
clean joint when there is no infill in the joint, and a minimum value of zero where there
is no contact with the rock wall. Function B’ presents the component of strength
contributed by the infill and it will increase from zero to its optimum value (the shear
strength of the infill alone) with an infill thickness up to the critical t/a. The shear
strength of an infilled joint in the interference zone can be expressed as:

 p.unsat  A' B '

(5.11)

When defining function A’ it is important to accurately account for the shear
strength of a clean joint. Different models are available to calculate the peak shear
strength of a clean joint, but the model proposed by Patton (1966) presents a more
simplistic approach for an idealised saw-tooth joint. When dealing with any rock joint it
is important to characterise its surface geometry precisely. With respect to idealised
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joints, the asperity angle (i) and asperity height (a) can be conveniently used to
characterise the surface geometry due to the simplicity and regularity of the surface.
Patton’s equation for clean joints under low normal stresses is given as follows:

   n  tan b  i 

(5.12)

For ks< 1 in the ‘interference zone’ the function A’ based on rock joint surfaces
is given by:


A'   n  tanb  i  1  k s    n  A

(5.13)

where α is an empirical constant and A is the original parameter from Equation
(5.3a).
The second function B’ influenced by the infill is given by:
 2
B '  ct   n  u a  tan  ' 
 1  1/ k s







(5.14)

If the infill is saturated B'   n  B  ct , where B is the original parameter in Equation
5.3b.
The shear strength model for partially saturated infilled joints can be described
using three boundary conditions as follows:
(i). Where ks = 0 there is no infill material in the joint and the equation is
simplified to the shear strength of a clean joint,

   n  tan b  i 
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(ii). For the rock-infill interference zone (0 <ks< 1),



  A' B '   n  tan  b  i  1  k s 


2
 ct   n  u a  tan  '  
1  1/ ks







(5.16)

(iii). For the non-interference zone (ks> 1), where the shear strength is governed
only by the infill material,

  ct   n  u a  tan  '

(5.17)

The above equations can be further simplified when the infill is fully saturated
(i.e. ua - uw=0). In this case, Equations (5.16) and (5.17) revert back to those proposed
earlier by Indraratna et al. (2005), except for the addition of the cohesion term.
5.4

Extension of the conceptual model for irregular natural joints

Patton’s equation has been successfully used to predict the shear strength of a clean
joint in the model discussed above for an idealised saw-tooth joint. Patton (1966) used
the asperity angle (i) to characterise the surface profile of the joint. The natural joints
present in nature are mostly irregular and wavy in their profile, so a simplistic approach
such as an asperity angle cannot be used to successfully characterise the joints. Barton
(1973) introduced a new method to characterise the joint geometry of rough irregular
joints in a more detail manner, and introduced the joint roughness coefficient (JRC) and
a graphical/empirical method to obtain the JRC of a joint by comparing ten standard
roughness profiles. Barton & Choubey (1977) then proposed a relationship to obtain the
peak shear strength of a joint using the joint roughness coefficient (JRC) and joint wall
compressive strength (JCS) given by:
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   n  tan b  JRC  log JCS /  n 

(5.18)

where τp is the peak shear strength, σn is normal stress, and ϕb is the basic friction angle.
Only the function A’ of the idealised shear strength model carries the contribution of
shear strength from rock surfaces of the joint. Therefore, function A’ must be modified
when the model is extended to irregular natural joints, hence,

A"   n  tanb  JRC  log JCS /  n  1  k s 

(5.19)



The final model for the three boundary conditions described earlier can now be
presented as follows:
(i) For ks = 0 (No infill)

   n  tan b  JRC  log JCS /  n 

(5.20)

(ii) Where ks< 1 for the ‘interference zone’,

A"   n  tanb  JRC  log JCS /  n   1  k s 

(5.21)




2
B"  ct   n  u a  tan  ' 
 1  1/ ks








2

 p ,unsat   n  tanb  JRC  log JCS /  n  1  k s   ct   n  u a  tan  ' 
1

1
/ ks


(5.22)







(5.23)

(iii) For the non-interference zone (ks> 1) where the shear strength is governed only by
the infill material,
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 p ,unsat  ct   n  u a  tan  '

5.5
5.5.1

(5.24)

Experimental verification
Verification of the model for idealised saw-tooth joints

The peak shear strength model proposed earlier in this chapter described two sets of
equations to represent the peak shear behaviour of an infilled joint depending on the
normalised infill thickness (ks). The proposed shear strength model was validated over
the results of at least 48 tests obtained for infill joints under constant water content
conditions. The peak deviator stress and the corresponding normal stress of each shear
envelope was recorded and converted to shear stress using the Mohr circle approach.
The parameter ks was calculated for different degrees of saturation using the
corresponding critical (t/a) ratio. The peak shear behaviour of the joints in the
interference zone (ks <1) is represented by the mathematical decay function elucidated
in Equation (5.16). The algebraic function A’ represents the decay of clean joint
strength, and function B’ shows the increasing role of the infill. The strength of the
infilled joint decreases from that of the clean joint strength and approaches that of infill
alone when ks equals unity. However, beyond this point in the non-interference zone,
the joint behaves as the pure infill. The test data for confining pressures of 300 kPa and
500 kPa has been used to calibrate the model and the test data for 900 kPa of confining
pressure has been used for validation. Laboratory data and the model predictions are
plotted in Figures 5.3 - 5.5 for different degrees of saturation and confining pressures.
The laboratory test data show a good agreement over the predicted model for the range
of saturation and confining pressure. The empirical parameters α and β for different
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degrees of saturation were determined by multiple regression analysis. The empirical
constants along with the critical t/a ratios adopted to verify the model for idealised sawtooth joints are tabulated in Table 5.1.
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Figure 5.2 Verification of shear strength model for idealised saw-tooth joints with
experimental data for infill saturations of (a) 35%, (b) 50%
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Figure 5.3 Verification of shear strength model for idealised saw-tooth joints with
experimental data for infill saturations of (a) 60%, (b) 70%
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Figure 5.4 Verification of shear strength model for idealised saw-tooth joints with
experimental data for infill saturation of 85%
Table 5.1 Empirical parameters and critical t/a ratios for idealised saw-tooth joints with
different levels of infill saturation
Degree of saturation

(t/a)cr

α

β

35%

1.7

1.2

2.5

50%

1.9

1.4

2.2

60%

2.1

1.6

1.9

70%

2.3

1.8

1.7

85%

2.5

2.0

1.5
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5.5.2

Verification of the model for replicated natural joints

Replicated natural joints having a joint roughness coefficient (JRC) of 10 – 12 were
used to validate the extended mathematical model proposed by Equations 5.23 and 5.24.
The same infill material was used to test both idealised saw-tooth and replicated natural
joints. The test data for confining pressures of 300 kPa and 500 kPa has been used to
calibrate the model and the test data for 900 kPa of confining pressure has been used for
validation. The laboratory test results are plotted along with the model predictions for
different degrees of saturation and confining pressure in Figures 5.6 – 5.8. The peak
shear data show a good agreement with the proposed equations for the entire range of
saturation and confining pressures tested. The empirical parameters α and β for different
degrees of saturation were determined by a multiple regression analysis similar to
idealised saw-tooth joints, and are presented in Table 5.2 along with the critical t/a
ratios. In the study, the proposed model has been successfully validated for both sawtooth (idealised) and natural joint profiles, and it shows a good agreement for both types
of joints for the infill material used. Further laboratory testing will be necessary to be
conducted on different infill materials and joints with different roughness to build a
more comprehensive database, thereby to further validate the empirical nature of this
model.
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Figure 5.5 Verification of the shear strength model for replicated natural joints with
experimental data for infill saturations of (a) 35%, and (b) 50%
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Figure 5.6 Verification of shear strength model for replicated natural joints with
experimental data for infill saturations of (a) 60%, and (b) 70%
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Figure 5.7 Verification of shear strength model for replicated natural joints with
experimental data for infill saturation of 85%

Table 5.2 Empirical constants and critical t/a ratios for different levels of infill
saturation for replicated natural joints
(t/a)cr

α

β

35%

1.0

1.3

3.0

50%

1.1

1.5

2.6

60%

1.2

1.7

2.3

70%

1.3

2.0

1.8

85%

1.4

2.2

1.5

Degree of saturation
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5.6

Variation of peak shear stress and dilation with degree of saturation

Variation of the peak shear stress with infill thickness to asperity height ratio (t/a) was
modelled earlier and successfully validated. The peak shear stress combined with the
respective dilation is plotted together with the infill saturation and confining pressure as
shown in Figure 5.8. A similar trend was observed for all plots with infill saturation
varying from 50% - 85%. The peak shear stress and joint dilation were normalised to
better analyse the data presented in these plots. The peak shear stress was normalised by
the clean joint strength which is a constant for a specific type of joint for a given
confining pressure. The joint dilation was normalised using the total joint aperture.
The normalised shear stress and dilation were then plotted along with respective
ks in a 3D format as shown in Figure 5.9. The data converge to a narrow band at higher
normalised ratios of infill thickness (ks >1), where joint shearing only occurs through
the infill alone. Despite the infill thickness, the peak shear stress will be similar for a
given confining pressure in this region. The effect of confining pressure or initial
normal stress could be avoided when the peak shear stress was normalised by the clean
joint strength. The normalised peak shear stress data seem to converge to a narrow
range of 0.10 – 0.16 for ks >1. In the non-interfering zone, joint compression increased
with the infill thickness, so to marginalise the effect of infill thickness to joint
compression, dilation was normalised by the total aperture of the joint. Total aperture
was defined as “initial aperture + infill thickness”. An initial aperture of 0.42 mm was
measured for the natural joint profile used in this study. Normalised joint dilation also
converged to a narrow band, and ranged from -0.02 to -0.17 (minus sign indicating
compression).
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saturation for the replicated natural joints
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5.7

Practical implications
The proposed peak shear strength model allows the shear strength of a given

combination of infill joint profile at any t/a ratio and initial degree of saturation to be
determined, as long as the empirical constants α and β in Equations 5.16 and 5.23 can
be evaluated from laboratory tests. The required values of the basic friction angle of
the joint surfaces and properties of the infill material can be determined by laboratory
tests conducted on saturated soil, if estimates cannot be made from the available
literature.

The initial matric suction and residual degree of saturation can be

obtained using the soil-water characteristic curve for the infill material. The purpose
of any shear strength model for rock joints is to provide a better assessment of
stability (Factor of Safety) for example in the case of an unstable slope or wedge,
thereby making decisions on the need for reinforcement (e.g. bolting). The use of the
degree of infill saturation or matric suction at failure may not be a practical option in
a field perspective, therefore in this context, knowing the initial degree of saturation
and corresponding matrix suction is a more viable and practical alternative in
assessing stability.
It has been common practice in geotechnical engineering to conduct designs
based on the lowest shear strength (i.e. infill assumed to be fully saturated), but given
that a considerable portion of jointed rock mass occurs above the groundwater table
and that full saturation of infill does not necessarily occur even after heavy and/or
prolonged precipitation, introducing the role of unsaturated infill will make future
design more realistic or less conservative, thereby reducing the cost of potential
stabilising schemes. The practical application of the proposed model is discussed in
detail, including examples, in a following chapter of this thesis.
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5.8

Model limitations
Number of limitations for the proposed infill joint model that incorporates the

effect of infill saturation can be identified. First, the use of idealised saw toothed
joint profiles in the experimental program was justified by the need to carry out
repetitive, reproducible tests, with simple geometric profiles, in order to understand
and formulate a conceptual model. Even though meaningful data could be obtained
from these idealised profiles, they do not accurately represent the shear behaviour of
natural joint surfaces (irregular/wavy). Although some steps have been taken by the
Writer to replicate and test natural joint profiles, there are still limitations due to the
narrow range of JRC (10-12) examined in this study. Therefore, further testing of
different irregular joint profiles with different natural infill is required to validate the
proposed models more comprehensively.
Second, only the initial state of the infill was considered in the modelling of
shear strength due to the difficulties of measuring the change of matric suction
during testing. The use of degrees of infill saturation or the matric suction at failure
may not be a practical option in a field perspective and therefore, knowing the initial
degree of saturation and corresponding matrix suction is a more viable and practical
alternative in assessing stability. However, it is recommended that the current
apparatus be modified so that the change of matric suction could be measured. Third,
the scale effects (the effects of changes in joint surface wave length and asperity
height) were not studied.
Finally, the joints with silty clay infill alone cannot represent the entire range
of joint types and infill materials available in nature. Despite the advancements the
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proposed model has shown over previously existing models of infilled joints by
capturing the role of infill unsaturation, its application is still constrained by the
numerous limitations summarised above.
5.9

Summary

The development of a mathematical model for the peak shear strength of infilled
joints and its verification over laboratory test results were discussed in this chapter.
A mathematical model of idealised saw-tooth joints was proposed first, and then
extended for profiles of natural joints. These two mathematical models were
validated using laboratory test data which has been carried out on different levels of
infill saturation and different confining pressure over joints infilled with silty clay.
The experimental results highlight how the t/a ratio can reduce the shear strength due
to infill from the maximum value associated with the clean rough joint. The shear
strength of infilled joints decreases with the increasing t/a ratio up to a critical
thickness, beyond which there is no significant reduction in strength. When the infill
thickness exceeds this critical thickness, the influence of asperities is suppressed and
the shear behaviour is then governed by the infill.
Apart from the infill thickness, the effect of the initial degree of saturation of
infill is also demonstrated by the test data. As the degree of saturation increases,
both the shear strength and the joint dilation decrease. The effect of the confining
pressure was also evident by the test data obtained under three different confining
pressures: 300 kPa, 500 kPa, and 900 kPa.

Accordingly, there is an apparent

increase in shear strength when the confining pressure is increased.

When the

thickness of the infill is very low (ks < 1), the stress-strain behaviour is influenced by
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asperity interference and the corresponding peak shear strength is governed by rockto-rock contact. Due to asperity interference, joint dilation could be observed in the
interference zone. The critical ratio (t/a)cr also varied with the initial degree of
saturation of the infill. (t/a)cr ranged from 1.7 to 2.5 when the initial degree of
saturation increased from 35% to 85%. For relatively thick infills (ks > 1), the
influence of the asperities is generally suppressed and shearing only occurs through
the infill. Under such circumstances, no dilation was observed in the laboratory for
the non-interference zone.
The shear strength data obtained from replicated natural joints for JRC= 1012 showed the same trend as idealised saw-tooth joints, except that there was no
clear second peak. This may attributed to the spatial variation of asperities over the
natural profile. As for idealised joints, the peak shear strength of natural joints
decreased with an increase in the initial degree of saturation from 35% to 85%. Also,
for the same variation of degree of saturation, the critical (t/a) ratio varied from 1.0
to 1.4 in a similar manner to idealised joints. For both idealised and natural joints,
the critical (t/a) ratios showed an approximately linear relationship with the degree of
saturation. Despite the obvious limitations of these conceptual models that only
considered one type of infill (silty clay) and a narrow range of joint roughness (JRC
= 10 – 12), the role of infill unsaturation on the shear strength of a joint could still be
explained and quantified in a rational manner.
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CHAPTER SIX

6 APPLICATIONS OF THE SHEAR STRENGTH MODEL

6.1

Stability of a two Dimensional plane strain jointed rock slope

The use of the proposed model for natural joint profiles in a practical situation is
illustrated using the simplified slope analysis problem presented in Figure 6.1, where a
potentially unstable rock wedge from Kangaroo Valley, New South Wales, Australia,
with simplified boundaries, is considered. The rock strata consisted mainly of sandstone
and the joint infill was primarily composed of sandy silt and/or sandy clay, depending
on the elevation above the ground level below the slope. The strata close to the ground
level were significantly wetter than the upper slopes. More information on Kangaroo
Valley jointed rock is given by Indraratna & Haque (2000). In the current analysis, an
irregular rock joint of JRC = 11 defining a wedge of weight W (simplified to 2D plane
strain) with a slope angle of λ and height H was considered, having a sediment infilled
joint at a dip angle of θ (Figure 6.1). For a unit length normal to the plane of Figure 6.1,
the weight of the wedge W with unit weight γ can be simplified to:
W  0.5H 2 cot    cot  

(6.1)

Considering a surcharge load F applied to the upper boundary of the wedge, the
factor of safety (FS) for sliding can be found by limit equilibrium as:

FS 

 H / sin  
W sin    F sin  
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where τ is the resisting shear stress along the joint described by Equation 5.23.
The geometry of this particular rock wedge is approximated by H = 30.5 m, γ = 27.5
kN/m3, λ = 80o and θ = 45o (Indraratna & Haque 2000). As the length of the wedge is
large compared to its width and height, the stability of the wedge can be conveniently
analysed by assuming a 2D plane strain condition.

25.13 m
F

S
W
N

H = 30.5 m

Soil-infilled joint
(JRC=11)

Figure 6.1 Rock slope with a soil infilled discontinuity
The clay infilled joint model for a t/a = 0.7 (interfering zone) with the
corresponding model parameters given in Table 5.2 was used to calculate the FS for
different infill saturation of the wedge subjected to a surcharge load F = 245 kN applied
by the passage of a typical freight train. The value of FS increased significantly from
1.07 to 1.34 with the decrease of infill saturation from 85% to 35% (Figure 6.2). If the
joint infill is fully saturated, the wedge is unstable as FS approaches unity, and the joint
plane would require stabilisation, for example by rock bolting. In the case of relatively
dry infill (Sr < 40%), the wedge would have an FS > 1.3. Not surprisingly, the FS of
the wedge becomes asymptotic between the upper bound where the infill is totally dry

Chapter 6 – Application of The Shear Strength Model

209

and the lower bound where the infill is fully saturated. This simplified example of the
Kangaroo Valley rock wedge demonstrates the benefits of unsaturated infill existing
within joints compared to the conservative assumption of fully saturated joints that are
often adopted in the design of jointed rock slopes. In actual practice, the sandy clay
infill in Kangaroo Valley had degrees of saturation varying for 100% in the lower most
terrain to 40% in joints at higher elevations of the sandstone rock stratum.

Initial matric suction (kPa)
2120
0

780
1000

390
2000

200
3000

0
4000

Joints with dry infill (SR=0)

1.4

1.3

1.2
Factor of safety

1.1

Joints with fully saturated infill
1
0.2

0.4

0.6

0.8

1

Degree of infill saturation, SR

Figure 6.2 Factor of safety with the degree of saturation of the infill and initial matric
suction
6.1.1

Stabilisation using rock bolts

The two dimensional plain strain rock slope stabilisation problem discussed above is
stabilised in the following analysis using active rock bolts (Figure 6.3). The normal (N)
and driving forces (DF) of the slope can be obtained by resolving the forces as follows:
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N  W cos  F cos  T sin    

(6.3)

DF  W sin   F sin   T cos  w

(6.4)

The factor of safety (FS) of the slope can then be written as:

FS 

 H / sin  
W sin    F sin    T cos   

(6.5)

If the same conditions are considered as the example above, the anchor force (T)
required for stabilising the slope with a factor of safety of 1.5 can be calculated for
different degrees of infill saturation. It is assumed that the bolt is driven in at an angle
of 15o to the horizontal. The anchor force (T) is calculated using a MATLAB code and
presented in Appendix A. The calculated values of anchor force along with the degree
of infill saturation are given in Table 6.1. The anchor force required increased with the
increasing degree of saturation for the given case. Figure 6.5 shows the required anchor
force to stabilise the slope with degree of infill saturation under different safety factors.
25.13 m
F

T

S
W
N

H = 30.5 m

Soil-infilled joint
(JRC=11)

Figure 6.3 Slope supported with active bolts
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Figure 6.4 Variation of anchor force with degree of infill saturation

Table 6.1 Anchor force required for stabilising the slope with FS = 1.5
Degree of infill saturation

Anchor Force, T (kN/m)

35%

1433.59

50%

1623.69

60%

1960.88

70%

2394.77

85%

2984.57
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Figure 6.5 Anchor force required to stabilise the slope for different degree of infill
saturations and safety factors
6.2

Application of model to 3D wedge stability analysis

Wedge failures are much more significant than plain failures because they are more
common and occur over a much wider range of geological and geometric conditions,
than plain failures, and therefore, the study of wedge stability is an important
component of rock slope engineering Wyllie & Mah (2004). The analysis of wedge
failures has been extensively studied by Goodman (1964); Londe et al. (1969), (1970);
John (1970); Hoek & Bray (1974). The geometry of a wedge and analysis of its stability
is defined in Figure 6.6.
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In general, sliding of the wedges are determined using the stereonets, and the
stereonet will show if wedge failure is kinematically feasible (Wyllie & Mah, 2004).
However, the actual factor of safety of the wedge cannot be obtained from the stereonet
because it only considers the details of the geometry. An analysis of the factor of safety
is described in the following sections.
The trend αi and plunge ψi of the line of intersection of planes A and B can be
calculated using the following equations derived from the geometry of the wedge.

 tan A cos  A  tan B cos  B
 i  tan 1 
 tan B sin  B  tan A sin  A





tan i  tan A cos A   i   tan B cos B   i 

(6.6)

(6.7)

where αA and αB are the dip directions, and ψA and ψB are the dips of the two planes.
Note that the Equation 6.3 gives two solutions 180o apart and the correct value lies
between αA and αB.
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Figure 6.6 Geometric conditions for wedge failure: (a) pictorial view of wedge failure,
(b) view of slope at right angles to the line of intersection, (after Wyllie & Mah 2004)
Figure 6.7 and Figure 6.8 show the resolution of the forces acting on the wedge
at right angles to the line of intersection, and along the line of intersection respectively.
By resolving the forces in Figure 6.8, the normal forces acting on plane A and B can be
obtained by the following equations.

NA 

W cos i cos B
sin  A   B 

(6.8)

NB 

W cos i cos A
sin  A   B 

(6.9)

W sinΨi

W cosΨi
W

Ψi

Figure 6.7 View at right angles to line of intersection and resolution of wedge weight
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θA

θB

NA

W cosΨi

Figure 6.8 Resolution of forces to calculate the factor of safety of a wedge
The weight of the tetrahedron wedge and the areas of the slopes A and B can be
calculated from the following equations as:

W 

1
2
 H 3 cot i  cot i  tan  A  tan  B sin i
6

(6.10)

AA 

1 2
H cot i  cot i sec  A
2

(6.11)

AB 

1 2
H cot i  cot i sec  B
2

(6.12)

where γ is the unit weight of the rock, H is the height of the slope and i is the slope
angle. The factor of safety of the wedge can be calculated using the shear stresses of the
plane A (τA) and B (τB) as follows:

FS 

6.2.1

 A  AA   B  AB
W sin i

(6.13)

Stability analysis of jointed slopes with same t/a ratios

A hypothetical example is considered in this analysis, with the geometric properties
given in
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Table 6.2, to analyse the factor of safety using the model proposed earlier in this study.
The slope is considered to have a two irregular joints on plane A and B with a JRC = 11
and infilled with silty-clay layer of t/a =1.0. The shear strengths τA and τB are calculated
from the infilled joint model for interfering zone with the properties of silty-clay
material. The factor of safety is calculated for the given wedge for different infill
saturations ranging from full saturated to dry conditions. The shear strength values can
be calculated using the following equations for a t/a = 1.0.
NA


 tanb  JRC  log JCS /  N A AA   1  k s  
 AA


 A 1.0  

 N
  2

ct   A  u a  tan  '  

 AA
  1  1/ ks

 B 1.0

(6.14)






(6.15)

N


  B  tan  b  JRC  log JCS /  N B AB   1  k s  
A
 B

 N
 

2
c t   B  u a  tan  '  

 AB
  1  1/ ks







Table 6.2 Geometric properties of the wedge
Plane

dipo

dip directiono

Properties

1

60

105

γ = 27.5kN/m3

2

75

235

ϕinfill = 21o c’ = 13.36 kPa

Slope face

80

185

H = 50 m

Upper surface

12

195

ϕb(rock) = 35o

Figure 6.9 illustrates the calculated factor of safety for the three dimensional
wedge under different degrees of infill saturation. It can be clearly observed that under
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fully saturated conditions the wedge shows a low factor of safety (FS < 1.35). The
factor of safety of the wedge increases with decreasing infill saturation and shows a
factor of safety greater than 1.75 when saturation is below 50%. This hypothetical
example shows the applicability of the model proposed in this study and shows the
important role played by the degree of infill saturation in unstable wedges.
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Joints with dry infill
1.8

Factor of safety
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Joints with fully saturated infill
1.3
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0.6

0.8

1.0

Degree of saturation, Sr

Figure 6.9 Variation of factor of safety with the degree of infill saturation
6.2.2

Stability analysis of jointed slopes with different t/a ratios
The above example shows the stability analysis of a three dimensional wedge

when the infilled joints of plane A and B have the same t/a ratio. If the t/a ratio of the
two planes are different, the analysis would become more complex because the
contributing shear strengths of the planes are not the same. The following analysis will
be carried out by assuming the infilled joint planes have two different t/a ratios. The t/a
ratio of plane A is assumed to be 1.0 and the t/a ratio of plane B is assumed to be 0.8 for
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the same hypothetical example described above. The equations derived for the earlier
example are still valid, but the shear strengths calculated by the model equations will be
different because the t/a are now different. The shear strength of the two planes can be
calculated from the equations below:



 A 1.0   N A  tanb  JRC  logJCS / N A
 AA

(6.16)



AA   1  k s  


 N
  2 


ct   A  ua  tan  '  
 AA
  1  1 / ks 


 B 0.8



(6.17)

N


  B  tan  b  JRC  log JCS / N B AB   1  k s  
 AB

 N
 

2
ct   B  u a  tan  '  

 AB
  1  1/ ks







The factors of safety are calculated for different degrees of infill saturation and
are plotted in Figure 6.10. An increase in the factor of safety is observed compared to
the earlier analysis because a reduction in the t/a of plane B helped make the shear
strength of the wedge higher.
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Figure 6.10 Variation of the factor of safety with the degree of infill saturation for
different t/a of plane A and B
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CHAPTER SEVEN

7 CONCLUSIONS AND RECOMMENDATIONS
7.1

General

The current literature available on jointed rock engineering has contributed significantly
to understanding the strength and deformability of jointed rock mass. A correct
estimation of the strength of an infilled joint is critical in the design and stability
analysis of surface and underground rock slopes. This doctoral study presented an
experimental and analytical investigation on the effect of the degree of infill saturation
to the shear strength of infilled joints. Laboratory studies focused on two types of joint
profiles; an idealised joint profile with an asperity angle of 18o was used in the
laboratory study to understand the shear behaviour with different infill saturations due
to the unavailability of current research in this area. Once this behaviour is understood,
the laboratory program was extended to natural joint profiles having a JRC of 10 – 12.
Some limited tests on planar joints were conducted and the clean joint behaviour of
three types of joint profiles was also analysed. A new conceptual mathematical model
based on the laboratory data for idealised joints, was proposed to predict the peak shear
behaviour of infilled joints. This model was further extended to natural joint profiles,
thus allowing for potential application to field conditions. Successful applications of the
proposed model for two dimensional plain strain slope stability analysis and a three
dimensional wedge stability analysis are also presented. The variations of factors of
safety with the degrees of infill saturation were determined from the proposed shear
strength model. Specific conclusions of this study are presented below.
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7.2

Shear behaviour of clean joints


Planar clean joints reached the peak deviator stress at a low axial strain (0.2%)
and remained relatively constant throughout shearing. They do not show any
significant dilation or compression during shearing due to the unavailability of
asperities in the joint profile.



The idealised saw-tooth joints showed a stick slip behaviour in their stress-strain
diagrams due to the asperities present in the joint profile. They began to dilate
from the start of shearing due to overriding of asperities. Joint dilation appeared
to decrease with increasing confining pressure as the increased normal stresses
resisted joint movement.



Imprinted natural joints with a JRC of 10-12 also showed stick slip behaviour in
their stress-strain diagrams. This was caused by the small scale asperities spread
over the joint surface. These joints showed an initial compression when shearing
commenced and then they began to dilate. Less compression and higher dilation
occurred at lower confining pressures as the joint is free to move when normal
stress was reduced. At higher confining pressures, there was higher compression
and lower dilation.



The peak shear stress of all three types of clean joints (planar, idealised sawtooth, imprinted natural) increased with increasing confining pressure, and the
axial strain required to attain the peak stress was reduced.



The planar and saw-tooth (idealised) joints showed a linear relationship while
the natural joint showed a slight non-linear relationship in the shear strength

Chapter 7 – Conclusions and Recommendations

222

envelopes. When all three envelopes were considered, the planar joints showed a
lower slope angle because of its insignificant surface roughness. The saw-tooth
joints showed the highest slope angle because it represents the sum of the basic
friction angle and the asperity angle. The shear envelope of replicated natural
joints falls in between the planar and saw-tooth joints.
7.3

Shear behaviour of infill and infilled joints


The shear behaviour of infill alone was studied with triaxial testing under
different levels of saturation. The shear strength increased with a decreasing
degree of saturation, as expected. The minimum shear stress was obtained under
fully saturated conditions.



The shear behaviour of planar infill joints does not depend on the infill
thickness, a slight change in behaviour during initial shearing could only be
observed for different infill thicknesses. The deviator stress increased with the
applied axial strain and remains relatively constant after reaching a peak value.



Planar infill joints only showed compression, there was no dilation because the
surface of the joint does not have any undulations. The volumetric behaviour
showed higher compression when the degree of infill saturation was relatively
high, whereas specimens with a lower degree of saturation showed decreased
compression because when the matric suction increased the infill became stiffer
(compressibility reduced) as ‘bonding’ of the infill particles was enhanced.



The shear behaviour of idealised and replicated natural joints with a relatively
thin infill (t/a < t/acr) is controlled by both infill and the asperities. Usually there
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were two stages of shearing for relatively thin infilled joints, where in the first
stage joint shearing takes place through the infill material. In the second stage
rock asperities comes into contact after the infill has yielded, and the behaviour
is controlled by the rock surfaces.


The dilation curves of relatively thin infilled joints showed an initial
compression followed by dilation. This initial compression increased with the
increasing infill thickness and then dilation decreased. Replicated natural joints
showed a higher initial compression compared to the idealised saw-tooth joints.



For rough joints (idealised saw-tooth and replicated natural) with relatively thick
infill (t/a > t/acr), the shear stress increased with axial strain and remained
constant after reaching a peak value. The joints only showed compression,
which indicated typical shearing through infill alone.



The shear strength of all the joints increased with the deceasing degree of
saturation. The lowest shear stress occurred under near saturated conditions
(degree of saturation of 85%). Joint dilation increased with the decrease of infill
saturation for the same reasons described above regarding planar joints.



With an increase in the confining pressure, all the joints increased in shear stress
and decreased in joint dilation. The initial compression of rough infilled joints
for relatively thin infill increased with the increasing confining pressure.



Idealised saw-tooth joints showed a clear peak at the second stage of shearing
due to the regularity of the asperities and unavailability of second order
asperities. This clear drop in strength drop was not observed in the replicated
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natural joints as the joint roughness is spatially distributed over the surface and
the drop in strength is compensated for by the second order asperities.
7.4

Shear strength model and its applications


The proposed shear strength model (Equations 5.16, 5.17, 5.23, and 5.24)
quantifies the effect of t/a ratio and the degree of infill saturation on the
reduction of shear strength. The strength of the infilled joint reduced from its
clean joint strength to infill alone strength with an increasing t/a ratio, and when
the t/a ratio reached a critical value (t/acr), there was no further reduction in
shear strength.



The critical t/a ratio varied with the degree of infill saturation and type of joint.
It varied from 1.7 to 2.5 for idealised joints and from 1.0 to 1.4 for replicated
natural joints when the degree of infill saturation varied from 35% to 85%,
following a 3rd order polynomial relationship.



Two distinct zones were identified in the shear strength model, asperity
interference, and asperity non-interference separated by the line ks =1. In the
zone of asperity interference, the shear strength is expressed as the sum of two
algebraic functions A’ and B’. The function A’ (Equation 5.13) carries the
strength contributed by the rock walls and will have an optimum value
equivalent to the shear strength of a clean joint when there is no infill in the
joint, and a minimum value of zero where there is no contact with the rock wall.
Function B’ (Equation 5.14) presents the component of strength contributed by
the infill and it will increase from zero to its optimum value (the shear strength
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of the infill alone) with an infill thickness up to the critical t/a (ks =1). In the
non-interfering zone the shear behaviour is controlled by infill alone.


The model was first proposed for idealised joints (Equations 5.16 and 5.17) and
then extended for natural joint profiles (Equations 5.23 and 5.24) using the joint
roughness characterisation proposed by Barton (1974).



The empirical constants α and β in Equations 5.16 and 5.23 for both types of
joints were evaluated from regression analyses of the test data. The proposed
model has been validated over a range of degrees of infill saturations varying
from 35% to 85%. Laboratory testing on fully saturated and dry infilled joints
were not tested because the samples were difficult to prepare.



The proposed model and the laboratory data showed a good agreement for the
range of degree of infill saturations tested over the confining pressures and joint
types.



The practical application of the proposed model is described using two
dimensional plane strain slope stability analysis and three dimensional wedge
stability analysis. The variation of factors of safety were analysed over the range
of degree of infill saturations. The factor of safety of both stability analyses
showed a considerable increase with a decreasing degree of infill saturation.



The mathematical formulation of the shear strength model is based on
parameters which can be easily determined in the laboratory and obtained in the
field. Therefore, it is convenient to use this model to quantify the strength of
infilled joints encountered in potential rock engineering applications.
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7.5

Future recommendations


The proposed shear strength model is validated only for a silty-clay infill.
Natural infills exist in a wider range (ranging from purely cohesive to granular)
and the model should be validated over a several infill types to check its
applicability.



Laboratory testing only focussed on a narrow range of joint roughness
coefficients (JRC). Further testing is required on different types of joints
available in the field to verify the model predictions.



Variations in pore-water pressure and matric suction during joint shearing were
not measured during this study due to the difficulty of placing measuring devices
without them being damaged. Miniature pressure transducers could be available
in the future. It is recommended to measure the pore-pressure and suction
variation and model the shear strength using the matric suction at failure instead
of the initial moisture content of the infill.



The scale effects, i.e. the effects of changes in joint surface wave length and
asperity height, were not examined in this study. In addition, the single value for
the t/a ratio assumed for the joint was also a simplification and might not fully
represent the natural infilled joints where the infill thickness may vary
considerably along its length.



The behaviour of overconsolidated infilled joints has been studied under
undrained conditions. However, the shear strength parameters obtained from
drained tests (represent long-term stability) may be different from undrained
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tests. An investigation under drained conditions will extend the existing
knowledge of overconsolidated infilled joints.


Earthquakes can destabilise rock strata as a result of a significant reduction in
joint effective shear strength due to sudden pore pressure build-up within the
infill. An investigation into the effect of dynamic loading will be useful to
improve the current knowledge of the shear behaviour of infilled joints.
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APPENDIX A.
A COMPARISON OF THE SHEAR STRENGTH MODELS FOR
INFILLED ROCK JOINTS

A.1 INTRODUCTION
The presence of various discontinuities such as joints, faults, and fractures will reduce
the strength of a rock mass, and if these discontinuities are filled with soft material then
their strength will be reduced further. This infill material may be fine sediments
transported by tectonically crushed rock material or it could be the product of the rock
joint weathering.
Many studies have been carried out to investigate the behavior of clean joints
(Ohnishi & Dharmaratne, 1990; Indraratna et al., 1999) but only limited studies have
been conducted for infilled joints (Kanji, 1974; Ladanyi & Archambault, 1977; Lama,
1978). The shear strength of an infilled joint is often assumed to the strength of the infill
alone but this assumption may eventually lead to an underestimation of the joint
strength due to neglecting the rock to rock contact. Some infilled joints gain strength
over time due to bonding and consolidation but they may be weakened again upon
subsequent joint movement (Indraratna et al., 2008).
Most laboratory testing on infilled joints has been carried under constant normal
load (CNL) or zero normal stiffness conditions (e.g. Lama, 1978; Pereira, 1990; Phienwej et al., 1990; de Toledo & de Freitas, 1993), and while CNL testing has been the
preferred method until recent times, constant normal stiffness (CNS) conditions are
more likely to represent non-planar joints where dilation occurs as a result of shearing
Appendix A – A Comparison of the Shear Strength Models for Infilled Rock Joints
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and the surrounding rock mass inhibits some of this dilation. For those reasons CNS
conditions are more appropriate for jointed slopes and underground excavations, and
some researchers consider that CNS testing is more important than CNL testing (e.g.
Ohnishi & Dharmaratne, 1990; Haberfield & Johnston, 1994)
The infill thickness also plays a major role in shear strength of an infilled joint.
It has been observed that the shear strength of a joint varies from the clean joint strength
to that of infill alone when the infill thickness increases (Indraratna et al., 2005). The
role of infill thickness is often modelled by the ratio of thickness to asperity height (t/a).
Once the thickness reaches a critical value the joint strength approaches the shear
strength of infill. Owing to the lack of a generalised model that correctly simulates the
behaviour of soil infilled joints under CNS, especially in mining and underground
tunnelling conditions, only limited attempts have been made in recent years to capture
numerous factors affecting infilled joints (Indraratna et al. 2005; 2008; 2010).
A.2 COMPARISON BETWEEN THE SHEAR STRENGTH MODELS FOR
INFILLED JOINTS
During this study some key peak shear strength models developed on infilled joints
were briefly compared for their predictions (Indraratna et al. 2011). The models
proposed by Papaliangas et al. (1990), Indraratna et al. (1999), Indraratna et al. (2005),
and Oliveira & Indraratna (2010) and their predictions for three types of infill materials
(i.e clayey sand, bentonite, and pulverised fuel ash (PFA)) were compared. The Oliveira
& Indraratna (2010) model was on shear displacement so it had to be differentiated with
respect to shear displacement at peak shear stress to obtain the corresponding peak shear
stress.
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The peak shear strength data obtained by this method was compared with the
model predictions of Indraratna et al. (2005), Papaliangas et al. (1990), and the
experimental data (Figure A.1). The experimental data was obtained from direct CNS
shear testing for idealised infilled joints with clayey sand infill. The peak shear strength
model proposed by Indraratna et al. (2005) overestimated the shear strength for infill
thicknesses slightly less than its critical value, whereas the model proposed by Oliveira
& Indraratna (2010) yielded a better overall agreement with the experimental data.
Papaliangas et al., (1990) model underestimated its predictions over the experimental
data. The results from all three models coincided with the experimental data for
relatively thick infills.
Figure A.2 presents a study based on the experimental data obtained for
bentonite-infilled idealised saw tooth joints, and Figure A.3 shows data for natural
infilled joints filled with pulverised fuel ash (PFA). These models were compared with
different types of infill materials in saw-tooth and natural joint profiles. The parameters
used for predicting the Indraratna et al. (2010) model is presented in Table A.1.
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Figure A.1 A comparison of model predictions with experimental data for idealised
saw-tooth joints infilled with clayey-sand

Figure A.2 A comparison of model predictions with experimental data for idealised
saw-tooth joints infilled with bentonite
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Figure A.3 A comparison of model predictions with experimental data for natural joints
filled with PFA
In the Papaliangas et al., (1990) model they used a constant defined as the (t/a)
ratio at which the minimum shear strength is reached
reached, and a fitting parameter,
parameter to predict
the peak shear strength of an infilled joint. For thicknesses greater than its critical value,
they used the minimum shear strength of the system. The empirical parameters used for
these calculations are presented in Table A.2 for the Papaliangas et al., (1990) model.
The Indraratna et al.. (1999) model use
used two empirical constants to predict the shear
drop due to the infill. This model ha
had its own method of predicting
predict
the peak shear
strength of a clean joint. They calculate
calculated the peak shear strength of
o the infilled joint
using the peak shear strength of the clean joint and normali
normalised
ed shear drop.
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Table A.1 Soil-infilled joint parameters for Oliveira & Indraratna (2010) model
σn:

Infill type

Φb

Φfill

(t/a)

c1

c2

kPa
Clayey sand

800

35.50

27.50

0.5

1.7

0.01

Clayey sand

800

35.50

27.50

1.0

3.0

0.01

Clayey sand

800

35.50

27.50

1.5

NA

NA

Clayey sand

800

35.50

27.50

2.0

NA

NA

Bentonite

300

37.50

24.50

0.3

3

0.05

Bentonite

300

37.50

24.50

0.6

4

0.10

Bentonite

300

37.50

24.50

1.0

7

0.15

PFA

75

310

240

0

10-5

1.0

PFA

75

310

240

0.11

0.3

2.0

PFA

75

310

240

0.24

1.0

1.0

PFA

75

310

240

0.74

1.0

2.0

PFA

75

310

240

1.64

2

5

Table A.2 Empirical constants for Papaliangas et al., (1990) model
Infill type

c

m

Clayey sand

1.6

0.6

PFA

1.5

1

Bentonite

1.8

0.7
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The conceptual model developed by Indraratna et al. (2005) also used two
empirical constants which varied with the type of joint and infill material used. The
shear strength of the joint was calculated by taking the strength contributed by the rock
and infill separately, and then adding them together. The parameters used in the model
calculations for the Indraratna et al. (2005) model are presented in Table A.3. In all
three models the shear strength of the filled joint converged to the shear strength of the
infill alone for t/a ratios greater than its critical value.
In their model Oliveira & Indraratna (2010) were able to capture more
parameters contibuting to the shear strength than the other models discussed previously.
They considered the effect of infill squeezing, joint roughness, and the variation of the
dilation angle with shearing in their model, and therefore their model predictions were
more accurate than the other models. In the model’s non-interfering zone the sliding
surface was assumed not to t touch the rock asperities, and therefore the squeezing
factor η was expected to reach zero when its empirical constants tended to reach high
values. Also, no dilation was expected once rock-to-rock contact ceased to take place,
and therefore this model converged to the same equation as Indraratna et al. (2005) for
the non-interfering zone.
Table A.3 Empirical constants for Indraratna et al. (2005) model
Joint type

(t/a)cr

α

β

Clayey sand

1.6

1.1

4.4

PFA

1.5

1.9

1

Bentonite

1.8

1.1

3.1
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A.3 CONCLUDING REMARKS
The peak shear stress models and the subsequent shear displacement model
compared in this section highlighted how the infill thickness reduced the shear strength
from the maximum value associated with clean rough joints. The modified sheardisplacement model represented the peak shear behaviour of clean, rough joints better,
and presented a more practical approach for capturing the role of the degradation and
infill squeezing factors. The proposed infill squeezing factor better demonstrated the
influence of roughness and the t/a ratio on the shearing mechanism. The models
described by Indraratna et al. (1999), Indraratna et al. (2005) and Papaliangas et al.,
(1990) showed some discrepancies between the peak shear strength predicted for the
interfering zone, where t/a < (t/a)cr because they consider limited shear strength
parameters in their models. However, all the models accurately predicted the peak shear
strength data for a non-interfering zone where t/a > (t/a)cr.
Each model discussed required the empirical constants for a specific infill and
joint type to be determined before modelling the shear behaviour. This means that a
series of laboratory tests must be performed for a better prediction of the data. The
effects of scale were not considered in any model. The single value of the t/a ratio
assumed for the joint is also a simplification and might not fully represent natural
infilled joints where the infill thickness varies a lot along its length. The models should
be tested and validated further for natural infill joint profiles with various infill
materials.
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APPENDIX B.
MATLAB PROGRAMME FOR ROCK SLOPE STABILITY ANALYSIS

The analysis of two dimensional plain strain infilled rock joints with rock bolts is
discussed in Chapter 6. The required anchor force of the bolts were calculated based on
the required factor of safety of the slope for varying degrees of infill saturation
according to the model proposed from this thesis. In the hypothetical example given, a
factor of safety of 1.5 was considered to be the guideline for stabilising the slope, and
the anchor force was calculated from a MATLAB program. This appendix provides the
graphical user interface used to calculate the required anchor force of a given slope for a
certain factor of safety. Once the geometric properties of the jointed rock slope are
identified and the necessary model parameters evaluated, this program can successfully
be used to calculate the required stabilisation force. The program interface is given in
Figure B.1.
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Figure B.1 Graphical user interface for slope stabilisation analysis
The program checks whether it has any empty text boxes (Figure B.2) before making
the calculation and warns the user if the slope needs no more stabilisation (Figure B.3).

Figure B.2 Error message for the empty text boxes
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Figure B.3 Warning message when the rock slope does not require stabilisation

The main functions of the program code are given below.
Acquiring data from the text boxes:
function pushbutton2_Callback(hObject, eventdata, handles)
% hObject

handle to pushbutton2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles

structure with handles and user data (see GUIDATA)

H=str2num(get(handles.edit1,'String'));
ta=str2num(get(handles.edit2,'String'));
theta=str2num(get(handles.edit3,'String'));
omega=str2num(get(handles.edit4,'String'));
Gama=str2num(get(handles.edit5,'String'));
Lambda=str2num(get(handles.edit6,'String'));
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F=str2num(get(handles.edit7,'String'));
FS=str2num(get(handles.edit8,'String'));
phi=str2num(get(handles.edit9,'String'));
C=str2num(get(handles.edit10,'String'));
Si=str2num(get(handles.edit11,'String'));
Suction=str2num(get(handles.edit12,'String'));
Sr=str2num(get(handles.edit13,'String'));
JRC=str2num(get(handles.edit14,'String'));
JCS=str2num(get(handles.edit15,'String'));
pb=str2num(get(handles.edit16,'String'));
alp=str2num(get(handles.edit17,'String'));
beta=str2num(get(handles.edit18,'String'));
tacr=str2num(get(handles.edit19,'String'));
Checking for empty text boxes:
%%
for i=1:19
h=findobj('Tag',strcat('edit',num2str(i)));
if isempty(get(h,'String'))
msgbox('Some fields are empty!','Error');
return
end
end

Calculation of anchor force (T):
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%%
cout=1;
zign=100;
X(cout)=cout-1;
Y(cout)=zign;
chek=1000;
A=H/sin(degtorad(theta));
W=0.5*Gama*(H^2)*((1/tan(degtorad(theta)))-(1/tan(degtorad(Lambda))));
TC=C+(Suction*tan(degtorad(phi))*((Si-Sr)/(100-Sr)));
K=ta/tacr;
while chek>0.00001
N=zign*A;
P=zign*(tan(degtorad(pb+JRC*log10(JCS/zign))))*((1-K)^alp);
T=(N-(W-F)*cos(degtorad(theta)))/sin(degtorad(theta+omega));
Q=(FS*((W+F)*sin(degtorad(theta))-T*cos(degtorad(theta+omega))))/A-P;
zign2=(Q-TC)/(tan(degtorad(phi))*(2/(1+1/K))^beta);
e=(zign2-zign)/2*0.2;
zign=zign+e;
chek=abs(zign2-zign);
cout=cout+1;
X(cout)=cout;
Y(cout)=zign;
end
T=(N-(W-F)*cos(degtorad(theta)))/sin(degtorad(theta+omega));
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set(handles.text24,'String',num2str(T));

Checking whether the slope requires stabilisation:
if T<0
msgbox('Factor of safety of the slope is higher than the value entered. No need of
stabilisation!','Warning');
set (handles.text24,'String',0);
return
end

Convert degrees to radians;
function rad=degtorad(deg)
rad=deg*pi()/180;
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APPENDIX C.
LEAST SQUARE FITTING METHOD FOR SOIL WATER
CHARACTERISTIC CURVE

The least square fitting method is a very common method used for fitting experimental
data to non-linear functions. This is particularly important when dealing with empirical
relationships where different parameters often represent different conditions or types of
materials. The least squared method assumes that the best-fit curve of a given type is the
curve that has the minimal sum of deviations squared from a given set of data. If a data
set having data points (x1, y1), (x2, y2), …, (xn, yn) is considered, where x is the
independent variable and y is the dependent variable, the fitting curve f (x) has the
deviation d from each data point, i.e., d1 = y1 – f (x1), d2 = y2 – f (x2), …. dn = yn – f (xn).
The best fitting curve could be obtained where the following conditions are satisfied:

n

n

 d i   yi  f xi   a minimum
i 1

2

2

(C.1)

i 1

The fitting of the soil water characteristic curve (SWCC) utilising the unweighted least
square method is described in this study as an example. The Van Genuchten, (1980)
model was used to fit the laboratory data with the SWCC, and is given as:
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where Θ is the effective degree of saturation, s is the matric suction, and α, n, and m are
empirical fitting parameters to be found by the least square method. According to the
least square criterion, the square of the n points deviations should be minimal, as given
in Equation C.1. For every ith point the square difference between the measured yim and
the calculated yical values can be computed by:

 yim  yical 2

m
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(C.3)

A special add-in called “solver” is required to perform the least square method analysis
in Microsoft Excel. This add-in can be activated using the add-ins tab in Excel options
(Figure C.1). Once the add-in is activated, an option is available under “data analysis”
in the Data tab. A table is prepared with the measured and calculated values and the
square differences, while the sum of square differences is calculated separately. In the
solver dialogue box (Figure C.2), the sum of square differences must be selected as the
“set objective” cell and the parameters α, n, and m should be selected as “changing
variable cells”. Once the appropriate cells in the spread sheet are selected, the condition
must be set to minimum and by clicking the solve button it will calculate the best
combination of selected parameters and update their value in the spread sheet. This
method gives a quick and easy way of obtaining the fitting parameters.
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Figure C.1 Solver add-in in Microsoft Excel

Figure C.2 Solver dialogue box
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APPENDIX D.
Role of OCR of infill on rock joints and field applications
Modifiation of shear strength model proposed by Indraratna et al. (2008) using energy
balance principles and its field application using a stability analysis is presented in this
section. The peak shear strength model for infilled joints was modified using the energy
balance principles proposed by Siedel and Haberfield (1995). The function An of the
original model was predicted using the Patton (1996) model for clean joints in the range
of non-breakage of asperities. As a result the model does not correctly predict the shear
strength of the clean joint. Therefore, function An was modified using the energy
balance principles where the initial asperity angle (i0) was replaced by the dilation angle
at peak shear stress of the clean joint (iτp)clean (Oliveira et al. 2009). The shear strength
of the clean joint (τclean) is then calculated as:

 clean

 tan b   tan io  
n

1  tan b  tan ip clean 

(D.1)

Function An is modified as:

 tan b   tan io  

P
1  k oc ,n 
1  tan b  tan ip clean 

(D.2)

The Function Bn remains the same as proposed by the original model predicting the
strength contributed by the infill:
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(D.3)

where OCR is overconsolidation ratio, koc,n = (t/a)oc,n / (t/a)cr,n, σn is the normal stress,
ϕfill is the peak friction angle of infill, ϕb is the basic friction angle and a, α and β are
empirical constants defining the geometric locus of the function P and Q. Total shear
strength of the joint can be calculated as:

  PQ

(D.4)

When (t/a) = 0, the function Q diminishes and the model reverts to the peak
shear stress of a clean joint. When (t/a) reaches its critical limit (t/a)cr, the function P
diminishes and hence the peak shear stress of the joint is only given by the function Q
(infill alone). The model can mainly be proposed for two regions, as proposed by
Indraratna et al. (2008); for the interference zone where t/a < (t/a)cr and the noninterference zone where t/a > (t/a)cr. For the interference zone:

 tan    tan i  
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a
b
o
 P  Q  
1  k oc , n   tan  fill  OCR  
n
1  tan  b  tan ip clean 
 1  1 k oc , n

p
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For the non-interference zone:

p
n

 tan  fill  OCR a

(D.6)

The empirical parameters of the overconsolidated peak shear strength model for a silty
clay infill are presented in Table D.1. Model properties used for the calculation are b =
37°, fill = 23°, i0 = 18° and a = 0.24.
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Table D.1 Empirical constants and critical t/a ratios for different OCRs (after Indraratna
et al., 2008)

OCR Value

(t/a)cr

α'

β'

1

1.9

1.9

1.9

2

1.7

1.7

2.0

4

1.5

1.4

2.4

8

1.3

1

3.6

The model described earlier neglects the strength contributed by the cohesion of
the infill material. Indraratna et al. (2005) suggested that for cohesive infill materials,
the term ′

/

should be included in the model. Therefore, the proposed model can

be extended for cohesive material as:

 p  c fill
n

(D.7)
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The use of the modified normalised shear strength model in a practical situation
is illustrated using the simplified hypothetical slope stabilisation problem presented in
Figure . Indraratna and Haque (2000) presented a similar example and application of
their model to a potentially unstable wedge failure at Kangaroo Valley in NSW,
Australia for a clean joint. In the current hypothetical slope stabilisation problem, the
rock wedge has a slope angle of λ and it contains a soil infilled joint at a dip angle of θ.
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W
S
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L

Figure D.1 Slope supported by pre-tensioned grouted bolt (modified from Indraratna
and Haque 2000)
D.1

Limit Equilibrium Analysis (Initial condition)

A limit equilibrium analysis before installing the rock bolts is presented in this section.
The factor of safety of the slope can be calculated as the ratio between the Resisting
Force (RF) and Disturbing Force (DF) where the resisting force would be the shear
force (S) of the joint. The disturbing force can be calculated by resolving the forces:

DF  W sin 

(D.9)

S
W sin 

(D.10)

FS 

The weight of the wedge (W) can be calculated as:
W  0.5  H 2 cot   cot  

(D.11)

Using the proposed normalised shear stress model, the shear force can be calculated
after determining all the model parameters and empirical constants. The shear force is
given by:
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 p
S  N 
n

(D.12)





where N =Wcosθ, is the normal force applied to the joint, which is given by the
component of the weight of the wedge perpendicular to the joint plane, γ is the unit
weight of the intact rock, and H is the height of the slope.
The idealised rock joint hypothesised in this study is assumed to represent a
rockslide with a t/a = 0.9. A limit equilibrium analysis was carried out for the infilled
joint with different overconsolidation ratios of the infill. As an illustrative example, the
geometry of the rock wedge is defined by a height H = 30.5 m, λ = 80°, θ = 30° and γ =
27.5 kN/m3. The factor of safety of the joint was calculated for different OCR’s by
substituting the above values in Equations (D.9) to (D.12) and the results are tabulated
in Table D.2.
Table D.2 Factor of safety of the slope for different OCRs

D.2

OCR

FS

1

1.048

2

1.103

4

1.200

8

1.349

Effect of number of bolts

When the OCR of the infill is low, the factor of safety indicates possible instability of
the jointed slope. Rock bolting can be used to improve the overall stability of the joint.
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Pre-tensioned, fully grouted bolts would work effectively on rough rock joints because
the joint will dilate during shearing. The bolts will generate an increased tensile force
because of dilation depending on the stiffness of the bolt and grout (Oliveira et al.
2009). If the bolts are drilled at an angle ω with respect to the horizontal plane, the new
normal load can be calculated as:

N '  W cos  

n
T sin    
sh

(D.13)

where n is the number of bolts, sh is the horizontal bolting spacing, and T is the tension
provided by the bolts. It is assumed that all the bolts contribute an equal load and
uniform stress variation is present along the bolt. The tension force from the grouted
bolts is given by:

T

Eb Ab
 v  Tp
Lb

(D.14)

where Eb is the modulus of elasticity of the bolt, Tp is the pretension of a single bolt, Ab
is the area of the bolt, Lb is the effective length of the grouted bolt, and δv is the dilation.
If the stiffness of the annulus of the grouted bolt is neglected, the modulus of elasticity
Eb and the area Ab are predominantly those of steel. Considering the limit equilibrium
analysis final factor of safety can be calculated as:

s
FS 

n
T cos   
sh
W sin 

(D.15)

The number of rock bolts (n) which were each pre-tensioned at 20 KN, was
drilled through the rock wedge at an angle of 30 ° (shown in Figure ) to the horizontal
plane with effective bolt length Lb = 1.0 m, sh = 1.0 m and bolt diameter of 25 mm with
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the Young’s Modulus of steel E = 200 GPa. The joint is assumed to dilate 5 mm normal
to the joint plane and the minimum guidelines for a safety factor is assumed as 2.0. The
number of rock bolts required to stabilise the slope were calculated using the proposed
normalised peak shear strength model for different overconsolidation ratios and are
presented in Table .
Table D.3 Number of bolts required to stabilise the slope with different OCRs
OCR

Number of bolts required
(n)

1

18

2

16

4

14

8

10

It can be noted that the factor of safety of the slope increases with an increasing
overconsolidation ratio of the infill, indicating that higher overconsolidated and infilled
joints produce a larger resisting force. If the overconsolidation ratio is neglected in the
stability analysis, a lower safety factor will be predicted. If we consider a normally
consolidated and an overconsolidated infilled joint (OCR = 8), the number of bolts
required to stabilise the slope can be reduced by almost 50%. Therefore, if the OCR
effect is not considered in the analysis, the number of rock bolts required to stabilise an
overconsolidated joint will be overestimated. In this example, if the same number of
rock bolts of a normally consolidated joint is used for the analysis of OCR = 8, a safety
factor of 2.44 is predicted.
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In any practical application, if guidelines are provided for a minimum factor of
safety, the number of rock bolts required to stabilise the joint can calculated using the
above method. If the overconsolidated ratio of the joint is properly evaluated and
included in the calculation, a lesser number of rock bolts will be required for
stabilisation compared to a normally consolidated state. This kind of analysis will lead
to cost effective stabilisation using rock bolts.
D.3

Summary
The infilled joint model proposed to predict peak shear strength of an

overconsolidated infill joint by Indraratna et al. (2008) was modified in this section by
considering the energy balance principles to better predict the strength of a clean joint.
While the original model was only intended to capture cohesionless soils, a
modification is also proposed here for cohesive soils to extend its applicability to
various conditions. Infill cohesion can be included in the model by subtracting the
normalised peak shear stress (τp/σn) by a normalised cohesion (cfill/σn). The proposed
normalised shear strength model is used in a limit equilibrium analysis for a
hypothetical example of jointed slope. The safety factor for the slope failure was
calculated

for

the

initial

conditions

(without

rock

bolts)

under

different

overconsolidation ratios. The safety factors range between 1.048 - 1.349 for OCR’s
varying from 1 to 8, indicated a possible failure of the slope. To increase the stability of
the jointed slope, fully grouted and pre-tensioned bolts were introduced because they
work effectively if the discontinuity plane dilates during shear movement.
The number of rock bolts required to stabilise the slope was calculated for a
minimum safety factor of 2 under a joint dilation of 5 mm. It was assessed that the
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number of bolts required to stabilise the slope was reduced from 18 to 10 when an
overconsolidated (OCR = 8) infilled joint is considered instead of a normally
consolidated infilled joint. In a typical field application, given the joint dilation and the
guidelines for a minimum factor of safety, the number of rock bolts required to achieve
the given minimum safety factor can be calculated if the model parameters are properly
evaluated. It should be clearly understood that if the OCR of the infill is neglected, the
strength of the joint and stability of a jointed slope will be underestimated.
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